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a b s t r a c t

The addition of platinum to palladium is known to provide bimetallic catalysts that are relatively active in
lean methane combustion in the presence of water at temperatures below 773 K, which is of practical
interest for exhaust treatment from natural gas vehicles. The study provides insight into the wet lean
methane combustion mechanism on the Pd–Pt/Al2O3 catalyst via in situ X-ray absorption spectroscopy
studies at temperatures 473–873 K. The presence of water leads to an increased fraction of metallic Pd
due to the lack of surface oxygen. The fraction of metallic Pd drops as the temperature increases.
Oxygen deficit results in Pt atoms available for methane dissociation, which does not occur in the dry
methane-lean feed, in which oxygen poisons Pt.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Nature’s way to extinguish fires with rain, blocking oxygen
access to combustible material, manifests itself similarly in flame-
less catalytic combustion. The current work deals with Pd-
containing catalysts used for lean methane combustion in a wet
atmosphere at temperatures of 300–500 �C, which occur in cat-
alytic converters aimed at reducing methane emissions from
natural-gas-fueled vehicles (NGV). When water is present in the
feed, the activity of supported Pd catalysts decreases at tempera-
tures below 450 �C [1–8], which has been explained either by the
formation of inactive Pd(OH)2 [4,9–15] or by hydroxyl/water accu-
mulation on the support, which hinders oxygen mobility and
exchange and impedes combustion [16,17].

One of the ways to diminish the negative effect of water is to
introduce a platinum promoter [2,3,18], which is also used com-
mercially in automotive three-way catalysts to oxidize CO and

hydrocarbons in the exhaust. Compared with monometallic Pd cat-
alysts, the activity loss of Pd–Pt bimetallic catalysts in the presence
of water is less severe [2,19–21]. Ex situ catalyst characterization
techniques have mostly been reported, with no mechanistic stud-
ies of the water effect on the Pd–Pt catalysts at temperatures of
practical interest (300–500 �C). In situ infrared spectroscopy has
indicated that lower hydroxyl concentrations are present on the
supported Pd–Pt catalysts than on Pd, but the analyses were per-
formed at 200 �C [20]. It was suggested that the Pd–Pt catalyst is
less affected by hydroxyl formation because it has other ways of
methane activation than on PdO [20]. In a study of alternated
CH4 lean combustion/CH4-reducing wet pulses over Pd–Pt cata-
lysts, the difference between Pd and bimetallic catalysts was
attributed to the likely ability of metallic Pt to activate methane
under net reducing conditions, which was suppressed under net
oxidizing conditions [18]. The effect of water presence, however,
was not evaluated.

The current study investigates the effect of water in the feed on
Pd and Pt species in a bimetallic Pd–Pt/Al2O3 catalyst during lean
methane combustion by means of in situ X-ray absorption spec-
troscopy (XAS). It suggests a mechanism by which the bimetallic
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catalyst shows an improved performance in the wet feed compared
with the monometallic Pd under practically relevant temperatures
(300–500 �C).

2. Experimental methods

A detailed description of the materials and catalyst syntheses
can be found in our earlier work [22]. Pd nanoparticles were syn-
thesized from palladium acetate in a colloidal dispersion in the
presence of poly-N-vinylpyrrolidone using an alcohol-reduction
method. Pt nanoparticles were prepared similarly from hex-
achloroplatinic (IV) acid. Bimetallic Pd–Pt nanoparticles were syn-
thesized by co-reduction of the metal precursors with Pd:Pt molar
ratios of 2:1. The nanoparticles were deposited on c-Al2O3, fol-
lowed by calcination in air at 550 �C for 16 h. Final metal loadings
were determined by neutron activation analysis (NAA). CO
chemisorption was performed on the catalysts after reduction, as
described earlier [22]. For the calculation of dispersion and active
particle diameter (hemisphere), stoichiometric factors for CO
adsorption were assumed to be 0.66 for Pd to account for the linear
and bridged adsorption [23] and 1 for CO:Pt.

In situ XAS measurements were conducted at the Canadian
Light Source for the Pd K-edge and Pt L3-edge on the HXMA (hard
X-ray micro analysis) beamline. X-ray absorption near-edge struc-
ture (XANES) and extended X-ray absorption fine structure
(EXAFS) analyses were performed. The detailed description and
photographs of the catalyst sample holder and the setup for the
in situ analysis can be found in our earlier publication [22]. For ref-
erence compounds, Pd and Pt foils, Pd(OH)2 (palladium hydroxide
on carbon, 20 wt.% loading, Sigma-Aldrich) and PdO (99.97% trace
metal basis, Sigma-Aldrich) were analyzed. To evaluate the change
in Pd/PdO speciation, the calcined Pd-containing catalysts were
reduced at 350 �C for 2 h in H2 before the in situ XANES
temperature-programmed analysis, unless stated otherwise. For
methane oxidation under dry conditions, 0.1% CH4 in N2 and com-
pressed air (ultra-zero-level, <2 ppm H2O) were combined. In the
case of wet conditions, bubblers were connected to the compressed
air to produce saturated water vapor, which corresponds to 2.3 vol.
% water in the feed. For dry and wet air conditions, the samples
were incrementally heated from 200 to 600 �C under a flow of
methane and air. The sample was held at each temperature for
30 min while measurements were taken. The flow rates of CH4/
N2 and compressed air used were 154 and 103 mL/min, respec-
tively. Linear combination fitting of normalized XANES l(E) spec-
tra was performed with the Athena program, using Pd foil, PdO,
and Pd(OH)2 standards. The software package IFEFFIT was used
for data processing [24]. The EXAFS fitting was performed in k-
space between 2 and 14 Å�1 and in R-space between 1.2 and
3.0 Å for the Pd-edge using theoretical phase-shifts and amplitudes
generated by FEFF. Face-centered cubic (fcc) bulk lattice parame-
ters (i.e., first shell coordination numbers of 12) were used to
determine the amplitude reduction factor, So2, for Pd (0.93) by ana-
lyzing Pd reference foil. A homogeneous Pd–Pt alloy model for FEFF
fitting was constructed based on bulk Pd–Pt lattice parameters.

Catalytic performance in the methane combustion reaction was
evaluated in a tubular reactor at atmospheric pressure with online
GC analysis, as described previously [22,25,26]. Pd and Pd–Pt cata-
lyst amounts in the lean combustion corresponded to 1.2 mg Pd
loading in the reactor, and 1.2 mg Pt loading for the monometallic
Pt catalyst. The methane-lean feed consisted of a gas mixture of
10 vol.% CH4 in N2 (8.5 ml/min standard temperature and pressure
STP) and dry or wet (5 vol.% water) air (205 ml/min STP), for a CH4

concentration of approximately 4000 ppm in the feed. The reactor
temperature was increased stepwise from 200 to 550 �C at a rate of
3 �C/min and kept at each temperature for 30 min to investigate

the catalytic performance in a heating ramp (ignition test). These
conditions correspond to the data points measured during the
in situ XAS. When indicated, the catalysts were reduced in situ
prior to the reactions at 350 �C for 2 h in hydrogen.

The ignition tests in the dry methane-rich feed were conducted
at a methane-to-oxygen stoichiometric ratio of 1:1, which is below
the stoichiometric 1:2 ratio. Pd and Pd–Pt catalyst amounts corre-
sponded to 0.6 mg Pd loading in the reactor and 0.6 mg Pt loading
for the monometallic Pt catalyst. The methane-rich feed consisted
of a gas mixture of 10 vol.% CH4 in N2 (8.5 ml/min STP) and 2 vol.%
O2 in N2 (42.5 ml/min STP). All the gas mixtures (Praxair) were
certified.

3. Results

3.1. Catalytic performance in the lean feed

Fig. 1 shows the ignition curves obtained with Pd, Pt, and Pd–Pt
catalysts in the feed with and without an added 5 vol.% water. Cat-
alysts amounts corresponded to 1.2 mg of Pd in the Pd and Pd–Pt
catalysts and 1.2 mg of Pt in the Pt-only catalyst. In the dry feed,
reduced monometallic Pd and Pd–Pt catalysts (350 �C for 2 h in
H2) were found to show behavior identical to the calcined-only
samples with 3% deviation in methane conversion. Palladium is
known for its higher activity in lean methane combustion com-
pared with that of platinum [27–29]. In the dry feed, the Pd–Pt
bimetallic catalyst exhibited lower activity than monometallic
Pd, which was attributed to the increased fraction of inactive Pd
(0) vs. active PdO in the presence of Pt [22]. However, Pt-
containing catalysts were not significantly affected by the water
addition to the stream, whereas Pd was poisoned (Fig. 1), which
is line with earlier findings by other groups on the beneficial effect
of the addition of Pt to Pd for wet combustion [2,3,19–21]. Reduced
Pd catalyst, when exposed to the wet feed, exhibited even lower
conversion than its calcined form.

CO chemisorption performed on the catalysts before and after
the catalytic tests showed that the Pd catalyst maintained its
1.7 nm Pd particle size, whereas Pt sintered from 5.7 to 9.1 nm par-
ticles. The bimetallic catalyst showed a relatively insignificant par-
ticle increase from 2.5 to 2.7 nm (Table 1). Platinum is known for
its low thermal stability, which can be improved by the addition
of palladium [30,31]. Thus, the observed drop in activity for Pd cat-
alyst cannot be explained by a potential loss in active surface area.

Fig. 1. Ignition curves in dry and wet lean methane combustion. Catalyst amounts
correspond to 1.2 mg Pd in Pd-containing catalysts and 1.2 mg in the Pt-only
catalyst. The catalysts were calcined prior to the reactions, unless otherwise stated.
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