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Abstract

The catalytic combustion of methane has been investigated over eight different bimetallic palladium catalysts, comprising the
Co, Rh, Ir, Ni, Pt, Cu, Ag, or Au. The catalysts were characterized by TEM, EDS, PXRD, and temperature-programmed oxidatio
It was found that a catalyst containing both Pd and Pt was the most promising, as it had a high activity that did not decline with t
catalyst containing Pd and Ag was also a promising candidate, but its activity was slightly lower. For PdCo and PdNi, the co-meta
spinel structures with the alumina support, with the result that the co-metals did not affect the combustion performance of palla
PdRh, PdIr, PdCu, and PdAg, the co-metals formed separate particles consisting of the corresponding metal oxide. These catal
PdRh, showed a stable activity. For PdPt and PdAu, the co-metals formed alloys with palladium, and both catalysts showed a stab
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

During the last decades emission standards for com
tion-related emissions have become more and more s
gent. Hence, it has become increasingly important to
new ways of abating such emissions. Since it is difficul
decrease the pollutants to desirable levels with conventi
flame combustion techniques, catalytic combustion has
come a highly attractive combustion technique. Catal
combustion is especially promising for decreasing emiss
from the combustion of gaseous fuels such as natural g
methane in gas turbines[1–3]. The low operation tempera
ture accomplished by this combustion technique result
almost no thermal NOx and ultra-low emission of CO an
hydrocarbons.

The catalysts employed in catalytic combustion for
turbine applications must be able to ignite the fuel a
temperature as low as 350◦C, which requires very ac
* Corresponding author. Fax: +46-8-108579.
E-mail address: katarina.persson@ket.kth.se(K. Persson).
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tive catalysts. Supported palladium catalysts have an
cellent activity for methane oxidation and have theref
been extensively used for catalytic combustion purpo
[2,4]. However, palladium catalysts have some drawba
At 700–800◦C, depending on the support material and
atmosphere, palladium oxide decomposes into metallic
ladium. When the catalyst is cooled, palladium oxide is
formed at a lower temperature than the decomposition t
perature. This induces instabilities in the performance
the catalytic combustor. Other disadvantages with pallad
catalysts have been observed at temperatures lower tha
decomposition temperature. Even though the initial acti
is high at these temperatures, the catalyst is not able to m
tain the high conversion level during extended time perio
that is, the activity is not stable[5–7]. For this reason, th
ignition of the methane will be increasingly difficult. Sinc
palladium-based catalysts have such a high initial activity
methane combustion, it is desirable to improve the stab

of the catalytic activity.

One way to increase the stability of the palladium cat-
alysts could be to include a second metal in the catalysts,

http://www.elsevier.com/locate/jcat
mailto:katarina.persson@ket.kth.se
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forming a bimetallic catalyst. Bimetallic catalysts have be
used for several applications other than catalytic combus
and have been established to improve both the activity
selectivity of a great number of reactions[8,9]. The right
combination of metals is important for producing the de
able effect. Coq et al.[10] explain the changed behavior
a bimetallic catalyst as an electronic effect, geometry eff
and/or a result of the presence of mixed sites, dependin
the co-metal, the metal, and the reaction. However, it is
not fully understood how a bimetallic catalyst works.

Lately, bimetallic catalysts have been given more at
tion in catalytic combustion applications. Most reports c
sider methane oxidation over PdPt catalysts. The add
of platinum to a palladium catalyst has been shown to p
long the activity for methane combustion compared w
monometallic palladium catalysts[5–7,11–13]. Likewise,
PdAg has been reported to maintain its activity over time[5].
Narui et al.[6] attributed the superior combustion stabil
of PdPt to higher dispersion of supported particles and
pression of particle growth. Whether the activity is higher
the PdPt catalyst compared with the palladium-only cata
is a debated question. Several authors have also consi
the combination of Rh and Pd. However, the opinion rega
ing the catalytic properties of this catalyst is also divid
Ahlström-Silversand et al.[14] reported positive results fo
a PdRh catalyst in the temperature range of 300–400◦C, but
Ryu et al.[15] and Oh and Mitchell[16] found that rhodium
did not noticeably improve the catalytic activity of palladiu
in methane combustion. Addition of copper to the palladi
catalyst has been reported to improve the resistance to
fur [17].

The purpose of this study was to investigate the cata
combustion of methane over a range of different comp
tions of bimetallic catalysts, which all consist of palladiu
as one of the active components. The co-metals were t
from groups 9–11 in the periodic table. The activity and
ability to maintain a stable activity for methane combust
of the various catalysts have been evaluated. Characte
tion techniques such as TPO, TEM, EDS, BET, and PX
have been used to determine the change in morpholog
ement distribution, and thus properties when a second m
has been incorporated into the palladium catalyst.

2. Experimental

2.1. Catalyst preparation

Different palladium-based catalysts were prepared
this study; they are described inTable 1. All bimetallic cat-
alysts were calculated to have a loading of 470 µmol me/

g catalyst powder, corresponding to the 5 wt% Pd in
reference catalyst (Pd-ref). Furthermore, the bimetallic

alysts were formulated to contain equal molar amounts of
palladium and the co-metal, Co, Rh, Ir, Ni, Pt, Cu, Ag, or
Au. Three monometallic catalysts, in addition to Pd-ref, have
alysis 231 (2005) 139–150
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Table 1
The nomenclature and the BET surface area of the different catalysts

Sample Composition BET surface area

(m2/g)

Pd-ref 5 wt% Pd//Al2O3 102
PdCo 1:1 Pd:Co//Al2O3 112
PdRh 1:1 Pd:Rh//Al2O3 97
PdIr 1:1 Pd:Ir//Al2O3 106
PdNi 1:1 Pd:Ni//Al2O3 111
PdPt 1:1 Pd:Pt//Al2O3 107
PdCu 1:1 Pd:Cu//Al2O3 107
PdAg 1:1 Pd:Ag//Al2O3 106
PdAu 1:1 Pd:Au//Al2O3 97
½ Ni Ni//Al 2O3 –
½ Pd 2.5 wt% Pd//Al2O3 –
½ Pt Pt//Al2O3 –

also been prepared, ½ Pd, ½ Pt, and ½ Ni. These cata
consist of only half the molar amount of metal (235 µm
metal/g catalyst powder), representing the concentra
of the corresponding metal in the bimetallic catalysts. T
amounts of metals in the catalysts were confirmed by E
analysis. All catalysts were supported onγ -Al2O3 (Condea,
PURALOX HP-14/150).

The alumina powder was impregnated with the me
metals by the incipient wetness technique. The bime
lic catalysts were manufactured by co-impregnation of
two metals, through a mixture of a solution of Pd(NO3)2
with a solution containing a salt of the co-metal, Co(NO3)2,
Rh(NO3)3, IrCl3, Ni(NO3)2, Pt(NO3), Cu(NO3)2, AgNO3,
or AuCl. The metal solution was dripped onto the alum
and was carefully mixed. This procedure was repeated tw
with a drying step at 300◦C for 4 h in between. The resul
ing samples were thereafter calcined at 1000◦C for 1 h and
cooled at a rate of 20◦C/min to room temperature.

The catalyst powders were mixed with ethanol, and
resulting slurries were ball-milled for 24 h. Cordierite mon
liths (400 cpsi, Corning), withφ 14 mm and length 10 mm
were then immersed in the slurry, followed by a drying s
at 100◦C. This procedure was repeated until 20 wt% ca
lyst material was fixed on the monolith. The coated mono
was then calcined at 1000◦C for 2 h and cooled at a rate o
2 ◦C/min to room temperature.

2.2. Characterization

The surface areas of all catalyst powders were meas
by nitrogen adsorption at liquid N2 temperature in a Mi-
cromeritics ASAP 2010 instrument. The surface area
determined according to the Brunauer–Emmett–Teller
ory. The samples were degassed in vacuum for at least 2
250◦C before analysis.

The crystalline phases in the various catalysts were m
itored by powder X-ray diffraction (PXRD), with the use

a Guiner–Hägg camera with a radius of 40 mm. The powder
X-ray photographs were evaluated with the program pack-
age Scanner System[18] and obtainedd-values associated
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with crystalline phases in the JCPD database. The diff
tion peaks for Pd were used to calculate the mean cry
sizes according to the Scherrer method.

The redox properties of the various catalysts were
alyzed by means of temperature-programmed oxida
(TPO). The analyses were carried out with a Microme
ics AutoChem 2910, equipped with a thermal conductiv
detector (TCD). A continuous flow of 5 vol% O2/He was
passed over 100 mg calcined catalyst powder. The t
perature was increased from 300 to 900◦C at a rate of
10◦C/min, followed by a decrease to 300◦C. The temper-
ature cycle was repeated twice; the results from the se
cycle are presented in this paper.

The morphology and chemical composition of fresh ca
lyst powder were investigated by electron microscopy, co
bined with equipment for element analysis. The mean c
positions of the catalysts were verified in a scanning elec
microscope (SEM) (JEOL 820) by energy dispersion X-
spectroscopy (EDS) (LINK System AN 10000). Compo
tion, element distribution, and morphology on the nanom
scale were studied with a transmission electron microsc
(TEM) (JEOL 2000 FX) furnished with EDXS (LINK Sys
tem AN 10000).

2.3. Activity tests

The catalytic activity for methane combustion over
various catalysts was tested in a conventional tubular r
tor, working at atmospheric pressure. The tests were
formed on monolith catalysts, described in the previous
tion. A gas mixture of 1.5 vol% CH4 in air was fed to the
reactor at a space velocity of 250,000 h−1. The tempera-
ture was recorded with a thermocouple placed upstrea
the monolith. The composition of the product gas was a
lyzed with an on-line gas chromatograph (GC Varian 380
equipped with a thermal conductivity detector. Two diff
ent activity tests were performed for each catalyst: on
which the temperature was varied continuously and on
which the temperature was varied stepwise. For the t
in which temperature was varied continuously, two cons
utive heating and cooling cycles at temperatures from 30
950◦C at a rate of 10◦C/min were conducted. The resul
from the second cycle are used in this study. For the s
wise tests, the experiments were initiated at 475◦C and the
temperature was raised stepwise by 50◦C per step to 775◦C.
The operating parameters were held constant for 1 h for
temperature.

3. Results

3.1. Powder X-ray diffraction
Diffraction peaks associated with phases in the alumina
support material are labeled in the powder X-ray diffrac-
tograms, shown inFig. 1. Because of the high calcina-
alysis 231 (2005) 139–150 141

tion temperature, 1000◦C, the alumina support has chang
structure from the initialγ -phase toθ -Al2O3 andδ-Al2O3.
In the cases of PdCo and PdNi, theγ -phase was stabilize
and thus remained after heating to 1000◦C.

The PXRD pattern of the as-prepared Pd-ref cata
shows that palladium appears in crystallites only in its
ide form. A sharp and intense peak representing the (1
reflection of PdO is displayed at 2θ = 33.81◦. From this
and the (111) reflection of the internal silicon standard
2θ = 28.44◦, calculation of the mean crystallite size w
performed with the Scherrer formula for spherical partic
A value of 40 nm was obtained for PdO in the Pd-ref catal
PdO is also observed in PdCo, PdNi, PdCu, PdAg, and P
The mean crystallite sizes of these materials were foun
be in the range of 34–50 nm, whereas for the PdIr cataly
value of 110 nm was determined for PdO.

PXRD patterns of PdCo, PdNi, PdCu, and PdAg did
reveal any crystalline metal oxide phases that could be a
ciated with only the added elements. A similar observa
was made for the PdRh material, were only diffraction pe
from the support material were observed, as seen inFig. 1.
However, the PXRD pattern of the PdIr catalyst exhibit
besideγ -Al2O3 and PdO, an IrO2 phase with a mean crys
tallite size of 190 nm.

The metallic form of Pd was observed in the PXRD p
terns of PdPt and PdAu, as solid solutions with Pt or
By use of Vegard’s law, unit cell parameters of the p
elements, and unit cell parameters determined from the
alysts, the mean composition of the solid solutions was
termined to be Pd1–xPtx , wherex = 0.469, and Pd1–yAuy ,
wherey = 0.504. The mean crystallite sizes of these allo
were calculated to be 35 and 190 nm, respectively.

3.2. Temperature-programmed oxidation

The results of the temperature-programmed oxida
analyses are presented inFig. 2. The TPO profile of mono
metallic palladium catalyst, Pd-ref, displays three posi
peaks, located close to each other during the heating r
The onset temperature for these peaks is 730◦C, and they
continue until 900◦C. The peaks arise from the oxygen r
lease occurring when different forms of PdO decomp
[19]. PdO does not reoxidize until 620◦C during cooling,
when just a single negative peak is detected. The differe
between the temperatures of the decomposition and th
oxidation results in a hysteresis. This is typical for suppor
palladium catalysts.

The palladium content in ½ Pd is equal to the amoun
palladium in the bimetallic catalysts. Because of the low
concentration of palladium in ½ Pd, compared with Pd-
the intensity of the peaks is lower. Apart from that, the T
profiles of ½ Pd and Pd-ref are closely matching. As sho
in Fig. 2, the TPO profiles of PdCo and PdNi are alm

identical to that of ½ Pd. Since ½ Pd corresponds to the pal-
ladium content in the bimetallic catalysts, this may indicate
that Co and Ni do not affect the oxygen release/uptake in the
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Fig. 1. PXRD patterns of the investigated catalysts. Peaks associate
Fig. 2. Temperature-programmed oxidation plots of the various catalysts.
h the alumina support are labelled (s) and the internal standard Si is laed (*).

tested temperature range. For PdRh, the first decompos
peak is missing and the intensity is slightly lower than
½ Pd. Furthermore, the reoxidation peak is slightly shifte
a higher temperature, resulting in smaller hysteresis. P
also shows a TPO profile similar to that of ½ Pd, but
reoxidation peak is much broader and initiates at aro
685◦C, instead of 620◦C. Furthermore, the decompositio
peaks for PdCu appear over a wider range of tempera
and the peaks are not as separated as for the ½ Pd ca
PdAg has a TPO profile similar to that of the monome
lic palladium catalyst during heating, but during cooling
reoxidation peak is shifted toward a lower temperature,
ginning at 575◦C. The TCD signal of PdAg is also slightl
lower than that for ½ Pd.

Three catalysts differ markedly from the monometa
palladium catalyst, PdIr, PdPt, and PdAu. PdIr has a s
decomposition peak with an onset temperature at 710◦C.

During cooling, the reoxidation peak appears at clearly
higher temperature than for the reference; it initiates at
720◦C and ends at 600◦C. The decomposition and the re-
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oxidation peaks appear at almost the same temperature
just 10◦C difference. For PdPt, only a single peak was
served during heating, and this peak is shifted towar
clearly lower onset temperature at 575◦C. Moreover, the
reoxidation peak is shifted downward by 90◦C. The TCD
signal detected for this sample was very low, indicating t
less oxygen was released from this catalyst than from
reference catalyst. No TCD signal was detected at all
PdAu, indicating that no oxygen release was occurring.
co-metals Ir, Pt, and Ag, supported on Al2O3, were sepa-
rately tested as well, but no TCD signal was detected
any of these metals for the temperature range used in
TPO analysis. Hence, the shifted peaks arise not from
co-metals alone but probably because of interaction betw
the two metals.

3.3. Transmission electron microscopy

A fragment of the catalyst material of Pd-ref is shown
Figs. 3a–3b. The support material is seen as elongated
partly transparent particles that form large agglomerate
which dark particles are observed. By elemental analy
these particles were revealed to consist of Pd. The Pd p
cles were found to be homogeneous and well distribute
the supported material. Some of them are faceted, ind
ing that they are single crystallites, whereas others see
be agglomerates of smaller Pd-containing particles. Fro
number of investigated fragments, the Pd particle sizes w
determined to be in the range of 20–80 nm. In the areas
tween the Pd particles, only aluminum was detected.
½ Pd sample also exhibited dispersed particles within
same size range, but with a smaller number of particles.

This type of microstructure of particles dispersed on
Al2O3 support was also observed in the bimetallic cata
materials when Co, Ir, Ni, Pt, Cu, Ag, or Au was added a
second element. To describe the element distribution in
bimetallic catalysts, a number of element analyses have
made by spot measurements. This was carried out in two
ferent ways, one with the electron beam focused on a d
eter of 20–40 nm on only the Pd particles and the other w
the beam diameter size larger than 50 nm on areas of
minum oxide material without Pd particles. The results fr
these measurements were then plotted in a graph, with
creasing metal content within each of the two datasets. T
types of element distributions could be distinguished fr
these analyses of the bimetallic catalysts, as discussed b

The studies of PdCo and PdNi revealed that Ni and
were homogeneously and evenly distributed on the sup
material (seeFig. 4a). TEM micrographs show aluminum
oxide with high contrast, whereas the appearance of new
ticles that could be associated with addition of Co or Ni w
not observed. Relative intensities observed in the elec

diffraction mode indicate that the structure of theγ -Al2O3

particles is stabilized because of formation of the CoAl2O4

and NiAl2O4 phases on their surfaces. These phases are
alysis 231 (2005) 139–150 143

-

.

-

(a)

(b)

Fig. 3. TEM images of the Pd-ref catalyst, (a) distribution of PdO parti
on alumina and (b) a PdO crystal.

probably formed on the surface of the support material.
tectable amounts of Co or Ni could not be observed in
palladium oxide particles.

In the PdRh catalyst, palladium oxide particles were
served as agglomerates of Pd particles less than 10
across. These agglomerates were 20–40 nm in size and
distributed over the support material in way similar to t
of PdO in the Pd-ref catalyst. Rhodium was found to be w
distributed all over the alumina support with the appeara
of small particles (< 2 nm), but a small number of 2–5-n
particles could be observed around some of the PdO crys
This was also confirmed by the element distribution sho
in Fig. 4b. In the PdCu catalyst, copper was found as p

ticles on the Al2O3 support and was enriched near the Pd
particles. TEM micrographs reveal that the Cu-containing
particles are 1–2 nm in size. This type of particle distribu-
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Fig. 4. Spot element analysis obtained by TEM/EDS on particles a

Fig. 5. TEM image of PdO and Ag particles in the PdAg catalyst.

tion was also observed for silver in the PdAg catalyst (
Fig. 4c). The Ag particles were found to be in the range
1–5 nm, distributed on the support material but also enric
near the PdO crystals (seeFig. 5).
PdIr exhibits a morphology with only metal oxide crys-
tallites larger than 100 nm (100–700 nm), distributed on the
alumina support. These crystallites were found to consist of
(d)

l aterial in catalysts with the co-metal (a) Ni, (b) Rh, (c) Ag, and (d) Pt.

Fig. 6. TEM image of PdO and IrO2 particles in the PdIr catalyst. Micro
structures of surface an PdO crystals shown by insert.

PdO or IrO2, but not both. An agglomerate of these oxi
crystals is shown inFig. 6. All investigated PdO crystal
show faceted crystal surfaces on which small nanome
sized particles could be observed (see enlarged ins
Fig. 6). The nature of these particles is unclear, as elem
tal analysis shows only Pd and no other elements, such

or Cl.

For PdAu and PdPt, the distribution of Au and Pt follows
the Pd distribution, thus forming metal particles well distrib-
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Fig. 7. TEM image of Pd0.5Pt0.5 particles in the PdPt catalyst.

uted on the alumina, similar to PdO in the Pd-ref catal
An alloyed Pd–Pt crystal on alumina is shown inFig. 7. The
composition of the alloyed particles was found by EDS
be very close to the calculated molar ratio 1:1 of PdPt (
Fig. 4d).

3.4. Activity tests with continuously varied temperature

The results from the transient activity tests are displa
in Figs. 8 and 9. Fig. 8 illustrates the combustion behavi
observed over the catalyst when the inlet gas was he
from 300 to 950◦C. Pd-ref appears as a typical palladiu
catalyst, with a dip in conversion starting at around 720◦C
during heating. The dip has been explained to be an effe
PdO decomposition into metallic Pd, which is less active
methane combustion[20,21].

For all bimetallic catalysts the effect of PdO decomp
sition is also observed, except for PdCu. As seen inFig. 8,
PdCu has a very low activity up to 700◦C, after which the
methane conversion starts to increase rapidly. PdAg did
show a clear dip at the PdO decomposition temperature
the methane conversion remained at constant value du
the decomposition. A similar behavior was seen for PdPt
the temperature region where PdO decomposes was m
smaller and the conversion started to rise at lower tem
ature than for PdAg. The drop in conversion due to P
decomposition was shifted to a higher temperature for P
PdCo and PdRh showed behavior similar to that of PdNi
therefore are not shown in the figure. The reoxidation of p
ladium during the cooling ramp (not shown in the figu
occurs at a higher temperature for PdRh, PdAg, and
than for the reference catalyst.

The temperatures required to reach 10, 30, and 5

methane conversion (T10, T30, andT50) over the catalysts are
shown inFig. 9. Among the bimetallic catalysts, PdNi was
the most active, but, as previously discussed, this catalysts
alysis 231 (2005) 139–150 145

t

h

Fig. 8. Activity tests when temperature was varied continuously for
ref (2), PdNi ("), PdPt (Q), PdAg ( ) and PdCu (F) during heating ramp

Fig. 9. The temperature required for 10, 30, and 50% methane conve
(T10, T30, andT50) of the catalysts.

has an activity similar to that of ½ Pd. PdCo was appro
mately as active as PdNi. PdIr and PdAu, on the other h
display a poor activity for methane combustion.

3.5. Activity tests with temperature varied stepwise

The results from the activity tests conducted when
temperature was varied stepwise are presented inFigs. 10–
14. In these activity tests, the stability of the activity w
studied at different temperatures. The monometallic pa
dium catalyst, Pd-ref, is used as a reference catalyst

is therefore displayed in all ofFigs. 10–12. As illustrated
in these figures, Pd-ref initially has a high activity, but the
methane conversion decreases rapidly with time on stream.
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Fig. 10. Activity tests when temperature was varied stepwise for Pd-ref2),
PdCo (J), PdRh (R) and PdIr ( ). The dotted line represents the inl
temperature of the catalysts.

Fig. 11. Activity tests when temperature was varied stepwise for Pd-ref2),
PdNi (") and PdPt (Q). The dotted line represents the inlet temperature
the catalysts.

The methane conversion even decreases for Pd-ref at s
low temperature as 475◦C.

Fig. 10 shows the results of the activity tests for ca
lysts consisting of co-metals from group 9 in the perio
table. A large variation in methane conversion between
catalysts is observed. Both PdCo and PdRh show uns
activity similar to that of Pd-ref. PdIr, on the other han
achieves a stable activity without any decrease in con
sion. However, the activity of PdIr is fairly low.

Fig. 11 illustrates the methane conversion over the c
alysts consisting of co-metals from group 10 in the p
odic table. PdNi initially obtains an excellent methane c

version, close to the values achieved for Pd-ref. However,
the activity of PdNi is unstable, and like that of the refer-
ence catalyst, drops with time on stream for all temperature
alysis 231 (2005) 139–150

a

Fig. 12. Activity tests when temperature was varied stepwise for Pd-ref2),
PdCu (F), PdAg ( ), and PdAu (�). The dotted line represents the inl
temperature of the catalysts.

steps. PdPt is, in contrast, much more stable for temp
tures below 675◦C, before the PdO decomposition begi
For temperatures above the PdO decomposition, the me
conversion decreases for this catalyst as well. PdPt ob
low activity of methane conversion for the two first tempe
ture steps, at 475 and 525◦C, respectively. For the following
steps, the activity actually increases with time on stream

Fig. 12 illustrates the methane conversion over the c
lysts consisting of co-metals from group 11 in the perio
table. The range of methane conversion of the various
alysts is large. It is interesting that all catalysts from t
group achieve a stable activity. However, PdCu display
very poor conversion, and it is difficult to decide whether
activity is stable. PdAg obtains the highest activity of the c
alysts from group 10, although its activity is not as good
that of PdPt shown inFig. 11. However, the methane conve
sion of PdAg is constant for 50◦C higher temperature tha
for PdPt, that is, up to 725◦C. PdAu exhibits low activity
for all temperature steps, although its conversion is hig
than for PdCu. Common for all tested catalysts, it appe
that the methane combustion is lower for the stable cata
compared with the unstable ones.

To study the effect of the co-metals, ½ Pd, ½ Ni, a
½ Pt have been considered; the results are present
Figs. 13 and 14. The two catalysts ½ Pd and ½ Ni corr
spond to the contents of palladium and nickel, respectiv
in PdNi. Analogously, ½ Pd and ½ Pt correspond to the
ladium and platinum contents in PdPt.Fig. 13 shows that
½ Ni does not have any activity for methane combustio
all, regardless of temperature. ½ Pd, however, obtains
same activity as PdNi. PdNi-additional is here defined as
sum of methane conversion of ½ Ni and ½ Pd. Since ½
does not show any activity, PdNi-additional is the same

½ Pd. Moreover, PdNi-additional overlaps the curve repre-
senting the methane conversion over PdNi. Therefore, the
palladium in PdNi appears to be unaffected by the presence
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Fig. 13. Activity tests when temperature was varied stepwise for ½ Ni!),
½ Pd (1), PdNi-additional (⊕), and PdNi ("). The dotted line represen
the inlet temperature of the catalysts.

Fig. 14. Activity tests when temperature was varied stepwise for ½ PtP),
½ Pd (1), PdPt-additional (�| ), and PdPt (Q). The dotted line represents th
inlet temperature of the catalysts.

of nickel and Ni and Pd are probably not in close conta

Hence, the addition of nickel to a palladium catalyst has no

Pd–Me//Al2O3 PdPt Pd–Pt alloy
PdAu Pd–Au alloy
alysis 231 (2005) 139–150 147

21% at 775◦C. The combustion over ½ Pt is much mo
stable than that over ½ Pd. However, the initial activity
½ Pd is superior. Its activity is even higher than for Pd
PdPt-additional, the sum of the methane conversion of ½
and ½ Pt, is not a direct superimposition of PdPt, indic
ing the existence of a close interaction. The rapid increas
methane conversion at 775◦C follows ½ Pt.

4. Discussion

4.1. Catalyst materials

In the catalyst materials that have been used in this s
of methane conversion, the palladium appears as particl
oxides or alloys. Because of the chemistry and distributio
the added co-metals, the bimetallic catalysts can be div
into three types, depending on how the co-metal inter
with the support and/or the palladium (seeTable 2).

In the first group of catalysts, the co-metal appears to
act with the alumina support to produce a spinel struct
This has been shown for PdCo and PdNi. This is in
cordance with the TPO profiles of PdNi and PdCo that
similar to the profile of ½ Pd, which represents the amo
of Pd in the bimetallic catalysts. This is also strengthe
by the TEM results, where both Co and Ni are well spre
over the alumina. Neither of the catalysts has been sh
to produce separate particles or to be in close contact
the Pd particles. However, no spinel phase was observ
the PXRD diffractograms, probably because the size of
spinel particles was below the detection limits of the ins
ment. It is interesting that the alumina maintains itsγ -phase
despite the high calcination temperature at 1000◦C, and it
may therefore be a good support material.

The second group of bimetallic catalysts have been s
by TEM to produce separate particles of the co-metals.
this group, effects on the PdO decomposition and reox
tion processes during TPO measurements were seen, w
were due to morphology and interaction between the pa
dium and the co-metal. The decomposition temperature

PdRh, PdCu, and PdAg were similar to that of PdO, whereas

and
beneficial effect on the activity.Fig. 14shows that ½ Pt gains
activity first at 675◦C and reaches a methane conversion of

Rh2O3 and CuO increased the reoxidation temperature
Ag2O decreased this temperature.

Table 2
Types of catalyst materials that have been investigated and description of the materials

Catalyst type Catalyst Description of interaction of the co-metal with the palladium or alumina support

PdO//MeAl2O4/Al2O3 PdCo 20–40 nm PdO particles on cobalt spinel–alumina support
PdNi 20–40 nm PdO particles on nickel spinel–alumina support

PdO/MeO//Al2O3 PdRh 1–5 nm agglomerated PdO particles and< 2 nm Rh2O3 particles on alumina support
PdIr 80–600 nm PdO and 80–200 nm IrO2 crystals on alumina support
PdCu 34–50 nm PdO particles and 1–5 nm CuO particles on alumina support
PdAg 34–50 nm PdO particles and 1–5 nm Ag2O particles on alumina support
with particle size of 35 nm on alumina support
with particle size of 190 nm on alumina support
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The PdIr catalyst exhibits a TPO curve that clearly in
cates that Ir affects the PdO. This is surprising, as the PX
and TEM studies show that Pd and Ir appear as large
separated oxide particles. However, micrographs of the
crystals (seeFig. 6) reveal that the surfaces of the cryst
are covered with 1–2-nm particles. It is unclear from
TEM/EDS studies whether these particles consist of me
lic Pd, Ir, a Pd–Ir alloy, or any oxide compound. Still,
is obvious that these particles are in good contact with
large PdO crystals and are responsible for the change i
oxygen release/uptake behavior of PdO. Thus, the sur
particles can be assumed to be in metallic form and to c
sist of Ir or Pd–Ir alloy, and not of Pd, as Pd will norma
form PdO under these conditions.

In the third group of bimetallic catalysts, PdPt and PdA
the co-metals alloy with palladium. The alloy formation
supported by the TEM analysis, where no co-metal
found on the alumina support but only close to the pa
dium. In the PXRD diffractograms of both PdPt and PdA
a sharp peak is located around the position of meta
Pd(111). However, these peaks are shifted toward the p
representing the metallic form of the co-metals, indicat
an alloy.

The alloyed catalyst Pd1–yAuy , with metal composition
y = 0.504, shows no pronounced TPO profile. Venezia
al. [22] have also reported an alloying between Au and
The study showed that the amount of PdO decreases
increasing Au. This is in good agreement with our resu
where our equimolar PdAu catalyst showed no oxygen
lease/uptake in the TPO experiments. For all other te
catalysts, some PdO must be present, since at least one
peak was detected, even though some of the co-metals a
the location of the peak.

4.2. Activity and stability under conditions of methane
conversion

In the first group of bimetallic catalysts, comprising t
catalysts PdCo and PdNi, the co-metal is probably reac
with the alumina support to form a spinel phase. The ac
ity of this group is as unstable as the monometallic pa
dium catalyst. This may be explained by the co-metal be
found in the spinel phase and not interacting with the pa
dium particles; hence the palladium particles will behave
the monometallic palladium catalyst does. This is suppo
by the results inFig. 13, where the addition of Ni to the
palladium catalyst does not affect the total methane con
sion. The Co and Ni spinels have been reported to have
activity for methane combustion[23,24]. The methane con
version of PdCo is slightly lower than the conversion of
Pd. It is not clear, at present, what causes the lower acti

In the second group of bimetallic catalysts, PdRh, P
PdCu, and PdAg, the co-metals oxidize and produce s

rate particles. This is a complex group, in which the stability
of the activity appears to be dependent on how close the
co-metal is to the palladium particles. PdRh showed unsta-
alysis 231 (2005) 139–150

s

O
t

r

-

ble activity. The reason for this may be that Rh is not
enriched close to the palladium particles as for the other
alysts in this group, but is located more on the alumina.
instability may also be deduced by the small particle s
Contrary to the results presented in this paper, the litera
regarding rhodium-containing palladium catalysts sugg
that the combustion is fairly stable[7,12]. However, the pre
sented conversion is poor, and it is difficult to state whe
the catalyst is stable. Other researchers have also obs
low activity for rhodium-based palladium catalysts[15,16].

For PdIr, the activity is stable but low. This result is t
opposite of what Nomura et al.[12] have shown. The low
activity of PdIr may arise from the large particle size. T
precursor, IrCl3, may also affect the combustion activit
since chlorine has been shown to poison palladium ea
[25]. However, this is not the case, because of the high
cination temperature.

For PdCu and PdAg, the co-metals may be found clos
the palladium particles. Both of these catalysts are sta
even though the activity of PdCu is low. The poor act
ity of PdCu may be explained by CuO partly covering
palladium particles. This is in line with the results from t
activity test presented inFig. 8, where the activity curve dif
fers from the palladium profile, with no drop in conversi
due to PdO decomposition. Reyes et al.[17] reported that
copper itself has poor combustion activity for methane,
that the activity of PdCu is slightly better than that of cop
but not as good as that of monometallic palladium.

As discussed previously, silver particles are located
the palladium particles and on the alumina support. S
the Ag2O is in close contact with the palladium particle
but does not cover the particles completely, the PdAg c
lyst may reach a higher activity than PdCu. The differen
in activity of this group may also arise from the individu
activity of the co-metals alone.

The third group represents co-metals that alloy with p
ladium. The catalysts in this group, comprising PdPt
PdAu, present a stable activity. The higher stability of c
alysts consisting of both palladium and platinum has b
reporter by other researchers as well[5–7,11–13]. Whether
these catalysts are more or less active than monometallic
ladium catalysts is a debated question. A range of results
be found in the literature, obtained under various conditio
In this study the comparison between the catalysts was m
with the molar amount of precious metals kept constan
was found that the activity of PdPt was lower than tha
the monometallic Pd catalyst. The methane conversion
creases, on the other hand, instead of decreasing with
This may be due to formation of PdO on the catalyst d
ing operation, but further studies are required to verify t
If this is the case, the PdPt catalyst may become very a
after a while. As shown inFig. 14, the effect of Pt on the

methane combustion is not a superposition of ½ Pt on ½ Pd,
which indicates that palladium and platinum are closely in-
teracting.
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The difference in activity between PdPt and PdAu m
be explained by the difference in PdO content. This is in
with the results from the TPO analysis, where no signal
oxygen release was observed for PdAu, but a small peak
observed for PdPt. Since the PdO is claimed to be more
tive than its metallic phase in this temperature range[20,26],
the lower oxide content will reflect on the activity. The lo
activity may also be due to the chlorine precursor used
the gold catalyst and/or the larger particle size of PdAu. L
activities of PdAu catalysts have also been reported by
ers[14,27].

The present study shows that it may be possible to s
lize the activity of palladium catalysts with the addition
certain metals. However, further testing is needed to ve
the long-term stability. The two most promising candida
tested in this study are PdPt and PdAg. Both catalysts
tained stable activity, but the level of activity is higher f
PdPt. Other metal combinations tested in this study dis
either poor methane conversion or unstable activity.

Ciuparu et al.[4] have reported on the large sensit
ity to water inhibition of monometallic palladium catalys
due to Pd(OH)2 formation. This is important, since wat
is one of the reaction products in combustion of metha
Unpublished results obtained at our laboratory have sh
that water inhibition during combustion may be an essen
factor for obtaining a stable activity over palladium-bas
catalysts. Furthermore, the bimetallic PdPt is less sens
to water in the process steam compared with monom
lic palladium catalysts. According to Ishihara et al.[28],
metal oxides added to a palladium catalyst provide oxy
to the Pd. Ciuparu et al.[29] have suggested that the su
port materials with high oxygen mobility, such as ZrO2, can
improve the resistance to water inhibition of monometa
palladium catalysts. The reason for this may be that the o
gen from the support and the water compete for the s
active sites. This may also be the case for metal oxi
Hence, the oxygen from the metal oxide may compete w
the water located on the palladium. However, for this to
cur the oxide and the palladium particles probably mus
in close contact. When an alloy is present the formation
Pd(OH)2 is also probably minimized.

Another explanation for the stable activity of some of
bimetallic catalysts may be the suppression of the chang
the PdO structure during combustion, as reported by Gr
et al.[19,30] for monometallic palladium catalysts. Accor
ing to Narui et al.[6], the suppression of particle growth b
the platinum may also explain the more stable activity o
the bimetallic PdPt catalyst.

5. Conclusions
To stabilize the activity over palladium catalysts during
methane combustion, a series of eight different co-metals has
been tested. The results show that it may be possible to stabi
alysis 231 (2005) 139–150 149

lize the activity over the palladium catalyst with the additi
of certain metals. The conclusions are as follows:

• Three different cases have been observed for the be
ior of the co-metals: the co-metal reacts with the a
mina support to form a spinel phase, the co-metal fo
separate particles, or the co-metal alloys with Pd.

• The activity of the catalysts decreased in the follo
ing order according to theT10 values obtained whe
the temperature was varied continuously: Pd> PdNi>
PdCo > PdRh > PdAg > PdPt > PdIr > PdAu >

PdCu. However, the PdPt catalysts obtained a hig
activity in the activity tests in which the temperatur
were kept constant.

• Even though the activity is initially high, the activit
may decrease with time. When both the stability and
level of activity for methane combustion are consider
PdPt is the most promising of the catalysts tested in
study for methane combustion. PdAg is also very sta
but it is slightly less active than PdPt.

• Co-metals forming a spinel structure (PdCo and Pd
do not improve the stability of the activity of palla
dium catalysts. However, the spinel structure appe
to improve the thermal stability of the support mat
ial. Co-metals forming separate particles (PdRh, P
PdCu, and PdAg) may improve the stability, depend
on whether the co-metals are in close contact with
Co-metals forming an alloy with Pd (PdPt and PdA
do obtain stable activity.
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