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Bimetallic palladium–platinum nanoparticles supported on alumina were prepared by flame spray pyrolysis. The as-prepared

materials were characterized by scanning transmission electron microscopy (STEM), CO chemisorption, nitrogen adsorption

(BET), X-ray diffraction (XRD), temperature programmed reduction (TPR), thermogravimetric analysis (TGA) and extended

X-ray absorption fine structure (EXAFS) spectroscopy. The materials were tested for the catalytic combustion of methane with a

focus on the thermal stability of the noble metal particles. After flame synthesis the noble metal components of the materials were

predominantly in oxidized state and finely dispersed on the alumina matrix. Reduction afforded small bimetallic Pd–Pt alloy

particles (<5 nm) supported on Al2O3 ceramic nanoparticles. The addition of small amounts of platinum made the palladium

particles more resistant against sintering at high temperatures and further lowered the deactivation observed during methane

combustion.

KEY WORDS: flame spray pyrolysis; thermal stability; bimetallic catalysts; catalytic combustion; Pd–Pt nanoparticles; EXAFS.

1. Introduction

Catalytic combustion of methane, the main compo-

nent in natural gas, has been extensively studied during

the past years and progress has been covered in several

recent review articles [1–3]. Natural gas is a relatively

clean source of energy, since the combustion of methane

produces the highest amount of energy per CO2 mole-

cule. The use of a catalyst reduces the emission of car-

bon monoxide, soot and unburned hydrocarbons and,

due to lower process temperatures compared to tradi-

tional homogeneous combustion, prevents the forma-

tion of thermal NOx. The catalytic process further

improves the process stability and makes it possible to

obtain complete oxidation of the fuel at low tempera-

tures with low fuel-to-air ratios.

Palladium is an often used catalyst with high activity

in methane combustion. However, the use of palladium

has some drawbacks, including large hysteresis effects

due to the transformation of palladium oxide into

metallic palladium and deactivation at higher tempera-

tures due to sintering. In order to stabilize the catalyst,

the addition of another noble metal such as Pt, Rh, Ru,

etc. has been proposed by several authors. Ersson et al.

[4] studied the influence of Pt and Rh on the behavior of

Pd/Al2O3 catalysts and found an increased stability

when Pt was used as a co-metal. Narui et al. [5] observed

decreased sintering of the metal particles when platinum

was added to palladium. The preparation method can

have significant influence on the activity and stability of

bimetallic Pd–Pt catalysts [6,7]. In general, bimetallic

catalysts are prepared either by nonselective or selective

deposition of the metals on the supporting material [8].

Only the selective deposition by redox methods [9],

surface organometallic chemistry [10] or the deposition

of heterobinuclear complexes [11] assures the close

vicinity of the two components leading to supported

alloy particles. Alloy formation has been investigated

in several studies and often evidenced using EXAFS

[12–16].

Flame synthesis is a one-step preparation method for

mixed oxides and supported noble metal catalysts [17].

Compared to conventional vapor-fed flame aerosol

synthesis, as used for synthesis of Pt/TiO2 [18], flame

spray pyrolysis offers the possibility to use nonvolatile

precursors and was applied for synthesis of Pt/Al2O3

and Pd/Al2O3 hydrogenation catalysts [19,20] as well as

for Au supported on TiO2 and SiO2 [21]. Flame syn-

thesis is used on large scale today to produce carbon

black, fumed silica and titania pigments. In general,

flame synthesis and especially flame spray pyrolysis are

continuous, well controllable and versatile processes for

the production of a wide variety of nanoparticles [22].

As shown earlier, flame made Pd/La2O3/Al2O3 cata-

lysts show good performance in the combustion of

methane and exhibit excellent thermal stability con-

cerning the loss of specific surface area [23]. In this study

flame spray pyrolysis was used as a single-step process

for the synthesis of bimetallic Pt–Pd catalysts supported

on alumina.*To whom all correspondence should be addressed.
E-mail: baiker@chem.ethz.ch
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2. Experimental

2.1. Catalyst preparation

The experimental setup for the synthesis of Pd–Pt/

Al2O3 catalysts by flame spray pyrolysis has been

described earlier [24]. The precursor solution consisted of

aluminium(III) sec-butoxide, palladium(II) acetylaceto-

nate and platinum(II) acetylacetonate dissolved in a

mixture of xylene and acetonitrile (2:1 vol%). The alu-

minium concentration was kept constant at 0.67 M for

all experiments. The liquid precursor mixture was fed at

5 ml/min in the center of a methane/oxygen flame by a

syringe pump (Inotech) and dispersed by oxygen (5 l/

min), forming a fine spray. The pressure drop at the

capillary tip was kept constant at 1.5 bar by adjusting the

orifice gap area at the nozzle. The spray flame was sur-

rounded and ignited by a small flame ring issuing from

an annular gap (0.15 mm spacing, at a radius of 6 mm).

The total gas flow rate through this premixed methane/

oxygen supporting flame ring was 3.5 l/min with a CH4/

2 O2 ratio of 0.92. Product particles were collected on a

glass fiber filter (Whatmann GF/D, 25.7 cm in diameter)

with the aid of a vacuum pump (Busch, Seco SV 1040C).

The resulting material was designated as wPdxPt, where

w and x denote the weight fraction in percent of Pd and

Pt, respectively, and the balance was Al2O3. For all

samples the total noble metal content was kept constant

at 2.5 wt%. The mass fraction of platinum (W) in rela-

tion to the total mass of noble metals was defined as

W=mPt /(mPt +mPd) Æ 100%.

2.2. Catalyst characterization

The specific surface area (SSA) of the as-prepared

powders was determined by nitrogen adsorption at 77 K

using the BET method (Micromeritics Tristar). The

powder X-ray diffraction patterns were recorded with a

Bruker D8 advance diffractometer.

For scanning transmission electron microscopy

(STEM), the material was dispersed in ethanol and

deposited onto a perforated carbon foil supported on a

copper grid. The investigations were performed on a

Tecnai F30 microscope (FEI (Eindhoven); field emission

cathode, operated at 300 kV). Scanning transmission

electron microscopy (STEM) images, obtained with a

high-angle annular dark field (HAADF) detector, reveal

the metal particles with bright contrast (Z contrast). The

focused electron beam was then set on some of the

bright points to analyze the ratio Pd:Pt of these particles

qualitatively by energy dispersive X-ray spectroscopy

(EDXS; detector (EDAX) attached to the Tecnai F30

microscope).

Extended X-ray absorption fine structure (EXAFS)

spectroscopy measurements were carried out at beam-

line X1 at the Hamburger Synchrotronlabor (HASY-

LAB at DESY, Germany). A Si (311) double crystal was

used for monochromatization of the beam. By detuning

the crystals to 70% of the maximum intensity, higher

harmonics were effectively eliminated. The measure-

ments were carried out in a continuous-flow reactor cell,

which allowed simultaneous gas analysis and structural

studies [25,26]. The as-prepared powders were mounted

in a capillary as described earlier [25] and reduced in situ

by flowing 5% H2/He at 250 �C prior to the measure-

ments. Three ionization chambers were used to measure

the incident and outcoming X-ray intensities, located

before and after the in situ cell as well as after a Pd foil

for energy calibration. The ionization chamber gases

(Ar, Kr) and their pressure were adjusted in a way that

about 10% were adsorbed in the first ionization cham-

ber and 40% in the second and third ionization cham-

ber. EXAFS spectra were taken around the Pd K-edge

in the step-scanning mode between 24,000 and

25,800 eV. During dynamic changes (temperature, gas

change) faster spectra in the region 24,300–24,600 eV

were taken in the continuous scanning mode (QEX-

AFS). The EXAFS function was extracted using the

WINXAS 3.0 software [27]. The EXAFS data were fit-

ted in R-space. Scattering amplitudes and phase shifts of

the Pd–Pd and the Pd–Pt shell (only first shell) were

calculated using the FEFF6.0 code [28].

Noble metal dispersion was determined by CO-pulse

chemisorption at 40 �C using a He flow of 50 ml/min

and pulses of 0.5 ml (10% CO in He) on a Micromeritics

Autochem II 2920 unit. Prior to the measurement, all

samples were freshly reduced for 1 h at 250 �C under

flowing hydrogen (20 ml/min) and then flushed by He

(20 ml/min) at 260 �C for 90 min.

The oxidation behavior of palladium was measured

by thermogravimetric analysis (TGA/SDTA851e, LF/

1100 �C, Mettler Toledo AG). The powders were heated

in nitrogen to 250 �C at 10 �C/min and held at this

temperature for 30 min. Then the atmosphere was

changed to air and two heating–cooling cycles from

250 �C to 1050 �C were recorded with a heating or

cooling rate of ±20 �C/min.

Temperature programmed reduction of PdO by

hydrogen was measured on a Micromeritics Autochem

II 2920, equipped with a TCD-detector, by flowing a

mixture of 5% H2 in argon (20 ml/min). The tempera-

ture was ramped from )80 to 900 �C with the aid of a

liquid nitrogen fed sub-ambient cooler at a heating rate

of 10 �C/min. Prior to analysis, palladium was oxidized

in flowing oxygen at 500 �C.

Methane oxidation was measured in a conventional

fixed-bed flow microreactor at atmospheric pressure.

The reactor, consisting of a quartz tube of 5 mm ID,

was placed in an electric furnace. A mixture of 5 mg

catalyst (100–250 lm) and 200 mg quartz sand (100–

300 lm) was placed in the reactor and fixed with quartz

wool. A thermocouple was inserted in the center of the

catalyst bed. A mixture containing 1.0 vol% methane

and 4.0 vol% oxygen in helium was flown through the

reactor at 100 ml/min. Mass spectrometry (Thermostar,

R. Strobel et al./Flame-derived Pd–Pt Al2O310



Pfeiffer Vacuum) was used to determine all gas con-

centrations in the effluent gas stream. The transient

behavior and conditioning/deactivation of the catalysts

was measured by cycling the temperature several times

from 200 �C up to 1000 �C at a heating or cooling rate

of ±10 �C/min.

3. Results and discussion

3.1. Catalyst characterization

Bimetallic Pd–Pt catalysts supported on Al2O3 were

prepared by single-step flame spray pyrolysis. The

specific surface area of all as-prepared powders was

around 120 m2/g and not influenced by the noble

metal composition. Figure 1a shows an STEM image

of an as-prepared material, containing 1.5 wt% palla-

dium and 1 wt% platinum. The noble metals form

small particles in the range of 1–5 nm on top of

agglomerated alumina nanoparticles. EDXS analysis

(d=2 nm) of single noble metal particles revealed the

coexistence of palladium and platinum in the same

particle. After artificial sintering at 1000 �C, the noble

metals formed large particles (figure 1b) in the range of

the noble metal particle size observed after catalytic

combustion [23]. The inset depicts a corresponding

EDXS analysis of a single metal particle, showing the

presence of Pt and Pd in the same particle after sin-

tering at 1000 �C.

Figure 1. STEM images of as-prepared 1.5Pd1Pt (a) and after annealing at 1000 �C (b) with corresponding EDX analysis of an individual Pd–Pt

particle.

R. Strobel et al./Flame-derived Pd–Pt Al2O3 11



Further evidence for alloy formation of the Pd–Pt

particles emerged from EXAFS investigations. The

radial distribution functions of the Fourier transformed

EXAFS data (figure 2) show that the palladium is in

oxidized state after preparation. No contribution at

2.8–3.5 Å is found, which would be characteristic for

larger PdO particles (for reference spectra of PdO see

for example [29]) or the possible formation of larger,

oxidized Pt–Pd particles. Hence, palladium is finely

dispersed in the oxide matrix. The EXAFS spectra also

did not indicate any metallic palladium in the as-pre-

pared samples. After reduction of the 1.5Pd1Pt catalyst

with hydrogen, the backscattering of the nearest

neighbors of the 1.5Pd1Pt sample differs from the pure

2.5Pd sample, indicating alloying of the Pt–Pd particles.

This is supported also by fitting of the EXAFS data of

the different samples (table 1, figure 3). Obviously, the

Pd–Pt-based particles are alloyed after the reduction

procedure. The number of Pt neighbors around the Pd

absorber atoms decreases if the concentration of Pt

decreases. In addition, both the low coordination

number and the absence of higher shells in the EXAFS

spectra indicate a small particle size. The number of

nearest neighbors in the first coordination shell is sig-

nificantly below 12 for both Pd and Pt–Pd samples. The

absence of distinct reflections due to Pd or Pt in the

XRD pattern of the as-prepared catalysts (not shown)

and the STEM investigations (figure 1) give further

evidence for the formation of small metal particles. In

conclusion, the alloyed Pt–Pd-particles are not formed

upon preparation but rather during the reduction in

hydrogen. The good dispersion of both Pt and Pd in the

matrix probably favours the formation of mixed Pt–Pd

particles and not monometallic particles, as also

observed when using other preparation methods

[15,30,31].

The influence of platinum on the thermal stability of

palladium, and vice versa, was investigated by sintering

the as-prepared materials at 800 and 1000 �C for 4 h in

air. Figure 4 depicts the relative amount of CO chemi-

sorbed on the noble metals after this annealing as a

function of the Pt mass fraction (W). After annealing at

800 �C pure platinum sintered strongly, whereas for the

only palladium containing sample a lower sintering

effect was observed. The addition of very small amounts

of Pt to Pd (W=4%) stabilized the Pd particles and

0 4

FT
 (

k3 -w
ei

gh
te

d)

R / Å

Pd foil (divided by 3)
 2.5Pd (reduced)
 1.5Pd1Pt (as-prep.)
 1.5 Pd1Pt (reduced)

62

Figure 2. Comparison of Fourier transformed EXAFS data of the

1.5Pd1Pt catalyst before and after reduction in 5%H2/He at 250 �C

with the 2.5Pd catalyst and Pd foil.

Table 1

Structural parameters determined by fitting of EXAFS spectra at the Pd K-edge of selected Pd–Pt/Al2O3 catalysts after their in situ reduction in

5%H2/He

Catalyst Aa–Bsb rc/Å Nd
r
2e/Å DE0

f/eV Residualg

1.5Pd1Pt Pd–Pd 2.75 4.2 0.008 )3.5 3.1

Pd–Pt 2.75 6.0 0.015h 0.35

2Pd0.5Pt Pd–Pd 2.75 7.0 0.007 )1.8 2.9

Pd–Pt 2.75 4.0 0.017h )2.07

2.5Pd Pd–Pd 2.75 8.6 0.007 )2.5 2.3

Pd–Pt – – – –

1.5Pd1Pt Pd–Pd 2.75 5.0 0.0075i )4.13 4.3

Pd–Pt 2.75 3.6 0.0075i )0.37

2Pd0.5P Pd–Pd 2.75 7.0 0.007i )1.27 2.8

Pd–Pt 2.75 1.5 0.007i )0.45

aAbsorber.
bBackscatterer.
cDistance.
dCoordination number.
eDebye–Waller factor.
fShift of the energy threshold.
gQuality of fit [27].
hNote the high Debye–Waller factor if that of the Pd–Pt and Pd–Pd shell are not corrected.
iFixing the Debye–Waller factor of the Pd–Pt and the Pd–Pd shell to the same value.

R. Strobel et al./Flame-derived Pd–Pt Al2O312



prevented any sintering at 800 �C. Furthermore, Pd

stabilized the Pt particles compared to pure Pt/Al2O3.

At 1000 �C the noble metals sintered strongly, as shown

by a drop in the amount of CO chemisorbed. Corre-

sponding to the results at 800 �C even very small

amounts of platinum stabilized the palladium particles,

resulting in the smallest metal particles for Pt metal mass

fractions between 2 and 14%.

X-ray diffraction patterns (figure 5) measured after

annealing of the materials at 1000 �C showed the

formation of crystallineM0 andMO domains (M=Pd or

Pt). A higher Pt mass fraction (W) increased the amount

of crystalline M0 and lowered the amount of MO.

Figure 6 depicts TPR profiles of the calcined mate-

rials (1000 �C) with the corresponding amounts of

consumed and released hydrogen given in Table 2. The

H2:Pd ratio of the total amount of consumed hydrogen

was similar for all samples (1–1.05) and close to the

theoretical value of 1. In all samples palladium was

reduced between 0 and 50 �C. The addition of platinum

broadened the peaks and shifted the peak maximum to

slightly lower temperatures. The release of hydrogen

from bulk Pd–H species was observed at around 70 �C,
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Figure 3. Experimental and fitted Fourier transformed k3-weighted

v(k)-functions of selected flame-made Pd- and Pd–Pt-based catalysts.
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Figure 4. Molar ratio of CO chemisorbed to noble metal content of

as-prepared bimetallic flame-made Pd–Pt catalysts and after annealing

them at 800 �C and 1000 �C (air, 4 h).
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Figure 6. Temperature programmed reduction (TPR) profiles of

bimetallic Pd–Pt/Al2O3 after sintering at 1000 �C.
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resulting in an increase of the hydrogen concentration.

However, no hydrogen release occurred for Pt mass

fractions higher than 4% (2.4Pd0.1Pt). The distortion

by the added platinum atoms may lead to smaller

palladium domains that are not capable to form bulk

palladium hydride species [32]. The broadening of the

hydrogen uptake peaks is an additional indication for

this behavior as smaller Pd particles tend to show

broader signals [23].

Figure 7 shows TGA profiles measured in air during

the second heating/cooling cycle of as-prepared flame-

made Pd–Pt catalysts. Upon heating of pure palladium

supported on alumina (2.5Pd), PdO decomposed into

Pd0 between 850 and 950 �C and re-oxidized between

540 and 610 �C during cooling, as indicated by a

decrease and increase in weight, respectively. The

addition of small amounts of platinum resulted in two

distinct steps for the reduction of PdO, one in the

temperature range of the pure palladium and an addi-

tional one at lower temperatures (770–810 �C), which

increased when more Pt was added. For Pt mass frac-

tions higher than 20% only one reduction step was

observed at lower temperatures. This behavior was also

reported by others [4] and can be attributed to the

promotion of PdO reduction by platinum addition.

Concerning re-oxidation of Pd, Pt addition shifted the

re-oxidation point towards lower temperatures, and

resulted in flattened re-oxidation profiles. This indicates

that platinum kinetically inhibits the re-oxidation of

palladium, since the large hysteresis in Pd reduction/

re-oxidation is usually attributed to a kinetically inhib-

ited re-oxidation process of palladium [33]. From these

results, it can be concluded that platinum addition

stabilizes palladium in its reduced form.

3.2. Methane combustion

The as-prepared bimetallic catalysts were tested

towards their deactivation during methane combustion

by cycling the temperature 4 times between 200 and

Table 2

Temperatures of maximum hydrogen consumption (peak position) and amount of H2 consumed and released during TPR of flame made Pd–Pt/

Al2O3 after annealing at 1000 �C

Sample 1st peak pos. (�C) 2nd peak pos. (�C) H2 :Pd ads.a H2 :Pd rel.b H2 :Pd totalc

2.5Pd 22 69 1.22 0.21 1.01

2Pd0.5Pt 13 65 1.18 0.18 1.00

1.5Pd1Pt 11 – 1.03 – 1.03

1Pd1.5Pt 18 – 1.05 – 1.05

aH2/Pd ratio of consumed hydrogen during reduction (first peak).
bH2/Pd ratio of released hydrogen from Pd–H (second peak).
cH2/Pd ratio of the total amount of H2 consumed (consumed–released hydrogen).
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Figure 7. TGA profiles (2nd cycle) of bimetallic Pd–Pt catalysts with

different Pt mass fractions. The arrows indicate the profiles during

heating and cooling.
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Pd–Pt catalysts during cycles 1 and 2.
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1000 �C. Figure 8 depicts the transient behavior in

methane combustion of flame-made materials with dif-

ferent Pt mass fractions during cycles 1 and 2. The

conditioning attributed to sintering and restructuring of

the catalysts during the first cycle, led to significantly

different activity profiles for the later cycles. Catalysts

with low Pt mass fractions were activated, whereas a

high Pt content resulted in a deactivation during the first

cycle. In the first cycle, materials with a low Pt mass

fraction (W £ 20%) showed ‘‘Pd-like’’ activity profiles

with a distinct decrease in methane conversion between

600 and 800 �C, generally attributed to the reduction of

PdO into less active Pd [34]. In contrast, catalysts with a

higher Pt mass fraction (W ‡ 40%) exhibited ‘‘Pt-like’’

activity profiles without deactivation due to PdO

decomposition. Ersson et al. [4] found a similar transient

behavior for bimetallic Pd–Pt catalysts. The condition-

ing during the first cycle resulted in a change from a ‘‘Pt-

like’’ to a ‘‘Pd-like’’ profile for the catalyst with a Pt

weight fraction of 40% (1.5Pd1Pt). Corroborating the

results of thermogravimetric analysis in air (figure 7),

platinum stabilized palladium in its reduced form and

shifted the onset of deactivation (by the PdO fi Pd

transformation) towards lower temperatures.

Figure 9 depicts the deactivation of bimetallic Pd–Pt

catalysts in terms of the temperature needed for 20%

methane conversion (T20). After an initial conditioning

in a first temperature cycle all catalysts deactivated

during the following cycles, indicated by higher tem-

peratures needed for 20% conversion. This deactivation

can be attributed to the sintering of the active palladium

particles at the high temperatures of up to 1000 �C. The

addition of platinum slowed down this deactivation

process resulting in lower temperatures needed to

achieve the same conversion. Different authors observed

similar stabilization effects for Pd combustion catalysts

made by impregnation techniques and reported a max-

imum in activity and stability for Pt mass fractions in

the range of 20–40% [4,5,7,35]. Here however, a lower

platinum mass fraction of 4% turned out to be an

optimal compromise between slower deactivation and

lower intrinsic activity, due to the lower activity of Pt

compared to Pd, and resulted in the highest activity

after several cycles. This stabilization is mainly caused

by the beneficial effect of platinum on the sintering

behavior of the palladium particles containing small

amounts of platinum. This is further confirmed by the

CO-chemisorption measurements of annealed catalysts

(figure 4).

4. Conclusions

Flame-spray pyrolysis has been applied for the one-

step synthesis of alumina-supported bimetallic Pd–Pt

catalysts. These catalysts were tested in the combustion

of methane in the temperature range up to 1000 �C. The

as-prepared materials consisted of agglomerated alu-

mina nanoparticles on which the metal components are

well-dispersed. After reduction the metal constituents

formed small bimetallic particles supported on alumina.

EDX and EXAFS measurements indicated that the

metal particles are alloyed. Platinum influenced the PdO

M Pd transformation, favoring palladium in its reduced

form. Furthermore, added in small amounts (Pt mass

fraction <10%), platinum increased the resistance of the

metal particles towards sintering at high temperatures.

This stabilization by Pt improved the behavior of the

catalysts in the combustion of methane.
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