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Abstract (180 words, based on the instructions for authors in the web page of Topics in

Catalysis)

Deactivation of the natural-gas-vehicle-aged Pt/Pd oxidation catalyst supported on g-alumina-based

washcoat was studied by electron microscopy, X-ray diffractometry, X-ray photoelectron

spectroscopy, and catalytic activity measurements. Significant structural changes were detected in

the used catalyst compared to the fresh one. Grain size of the washcoat had grown but its structure

had remained the same, g-alumina, as in the fresh catalyst. Sintering of the noble metal particles had

occurred, particle sizes varied from ~5 nm up to ~100 nm. Decomposition of palladium oxide and

platinum oxide to metallic Pd and Pt occurred followed by the formation of the bimetallic Pt/Pd

crystals. Also reformation of palladium oxide was detected. In addition, the inlet part of the used

catalyst was totally covered by a poisoning layer. Due to these structural changes and poisoning, the

activity of the vehicle-aged catalyst had decreased significantly compared to the fresh one. All the

changes were stronger in the inlet than in the outlet part of the used catalyst indicating higher

operating temperature and more extensive thermal deactivation and poisoning in the inlet than in the

outlet part of the converter.

Abstract (78 words, based on the instructions for authors in the web page of the conference)

Deactivation of the natural-gas-vehicle-aged Pt/Pd oxidation catalyst supported on g-alumina-based

washcoat was studied. Sintering of the noble metal particles occurred during vehicle aging.

Decomposition of palladium and platinum oxides to metallic Pd and Pt occurred followed by the

formation of the bimetallic Pt/Pd crystals. Also reformation of palladium oxide was detected. The

inlet part of the used catalyst was covered by a poison layer. The activity of the vehicle-aged

catalyst had decreased significantly compared to the fresh one.
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1. INTRODUCTION

Natural gas is a potential energy source to reduce pollution; lean-burn natural-gas engines have

higher thermal efficiencies and cleaner exhaust gases than stoichiometric engines. The exhaust

emissions of the natural gas vehicles (NGVs) still contain e.g. CO, NOx, and unburned methane.

NOx emissions and particulates in the NGV exhaust gases are much lower than in the diesel

vehicles but the disadvantage of the NGVs is unburned methane, a potent greenhouse gas, and thus

catalytic converters are needed [1,2]. In addition of the stability of the methane molecule, the

reaction conditions of the NGV engine exhausts are challenging for the catalytic after-treatment.

Generally engine exhausts of the lean NGVs have: low temperature (<500‒550°C), low CH4

concentrations (500‒1000 ppm), large amounts of water vapour (10‒15 %) and CO2, high excess of

oxygen, and presence of SOx and NOx [1]. Supported palladium catalysts are widely known to be

active for methane combustion in the mentioned reaction conditions. Most researchers, like [3‒5],

agree that PdO is the active phase of a palladium catalyst for methane oxidation while metallic

palladium is much less active. Support materials used in methane combustion catalysts are usually

alumina, titania, silica, zirconia, and their mixtures [6,7].

Deactivation of the catalyst, caused by e.g. poisoning, fouling, and thermal degradation and

sintering, is a problem also in the natural gas engine applications. For example sulfur-containing

compounds cause poisoning of Pd-catalysts resulting in inhibition of the methane combustion

activity and deactivation of the catalyst [8‒10]. In general, the activity of Pd-catalysts decreases

when the active phase, i.e. PdO decomposes to metallic Pd [3‒5] and also when PdO sinters

[11,12]. Pd « PdO transformation is reversible and according to Farrauto et al. [4], decomposition

temperature of PdO to Pd in the PdO/Al2O3 catalyst was ~800°C and reformation temperature of Pd

to PdO during cooling was ~600°C. Hysteresis in the reformation is due to strongly bound oxygen

on the Pd surface inhibiting bulk oxidation [5]. However, many factors, such as gas phase
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composition and pressure, type of support, additives and contaminants, and pretreatment history,

have effects on Pd « PdO transformation [6].

Several studies have reported that the activity and stability of Pd-catalysts in methane combustion

can be improved by adding Pt into the catalyst [12‒18]. This is due to the fact that Pt decelerates

sintering of Pd and PdO [12,15,18]. However, Castellazzi et al. [19] have reported that the effect of

Pt on the Pt-Pd/Al2O3 catalyst in methane combustion is not straightforward; Pt can act as an

inhibitor or promoter of catalytic activity depending on several factors such as: extent of PdO

formation, strength of Pd and the support interactions, and stabilization of metallic Pd. This means

that it is important to study deactivation phenomena of the potential Pt/Pd catalysts for natural gas

applications. Challenges in the catalysts used in natural gas applications are even more demanding

than e.g. in diesel applications due to the sensitivity of methane performance for thermal and

especially for chemical aging.

The aim of this study was to characterize structural changes in a commercial natural-gas-vehicle-

aged Pt/Pd oxidation catalyst supported on g-alumina-based washcoat compared to the fresh one.

Deactivation mechanism in the used catalyst was studied by electron microscopy, X-ray

diffractometry, X-ray photoelectron spectroscopy, and with catalytic activity and specific surface

area measurements.
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2. EXPERIMENTAL

2.1. Studied catalyst

The Pt/Pd (1:4) catalyst supported on the g-alumina-based washcoat manufactured and designed by

Ecocat Oy for natural gas applications was characterized. The catalyst was studied as fresh and after

lean-burn natural-gas-heavy-duty-vehicle aging (160 000 km). The inlet, middle, and outlet parts of

the aged catalyst were studied.

2.2. Microstructural characterization

The fresh and vehicle-aged catalysts were studied by field emission gun scanning electron microscopy

(FEGSEM), transmission electron microscopy (TEM), X-ray diffractometry (XRD), and X-ray

photoelectron spectroscopy (XPS). FEGSEM (Zeiss ULTRAplus) is equipped with energy dispersive

spectrometer (EDS, INCA Energy 350 with INCAx-act silicon-drift (SDD)) detector, Oxford

Instruments). Cross-sectional FEGSEM samples were prepared with conventional metallographic

sample preparation technique. All the presented FEGSEM images were taken with an angular

selective backscatter (AsB) detector. TEM (Jeol JEM-2010) is equipped with EDS (Noran Vantage

Si(Li) detector, Thermo Scientific). Field emission gun high resolution (scanning) transmission

electron microscope (FEG HR(S)TEM, JEOL-2200FS) is integrated with two aberration correctors

(CEOS  GmbH)  for  both  the  TEM  image-forming  and  the  STEM  probe-forming  lenses.  It  is  also

equipped with EDS (Si(Li) detector, Jeol) and an in-column Omega-type energy filter (Jeol)

facilitating the electron energy loss spectrometry (EELS) and energy-filtered TEM (EFTEM).

Samples for TEM studies were prepared by crushing the scraped catalyst powder between two

laboratory glass slides and dispersing the crushed powder with ethanol onto a copper grid with a holey

carbon film. For FEGSEM and TEM studies, the vehicle-aged catalyst was divided to nine samples

from inlet to outlet to study the structural changes in various part of the used catalyst (Fig. 1). Scraped

catalyst powder was also used for XRD (D5000, Siemens, using Cu Ka radiation)  studies  and
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measurements were carried out for the fresh catalyst and for the inlet, middle, and outlet part of the

vehicle-aged catalyst (Fig. 1). The phases were identified by using the JCPD database (International

Center for Diffraction Data (ICDD), Powder Diffraction File Database 1999).  For XPS (SSX-100,

Surface Science Instruments, using monochromatic Al Ka radiation) studies, a small amount of the

scraped catalyst powder was pressed into a piece of indium and the samples were pretreated in high

vacuum for a few hours before measurements. XPS measurements were carried out for the fresh and

for the inlet and outlet parts of the vehicle-aged catalyst (Fig 1). The binding energy reference for

XPS measurements was the O 1s peak at 531.0 eV.

Fig. 1 Studied positions of the vehicle-aged catalyst (total length 150 mm) marked to the (a) schematic
drawing and (b) image of the studied catalyst foil, FEGSEM and TEM studies were carried out for
nine positions from the inlet (0) to the outlet (8); XRD spectra were recorded for the inlet (positions
0‒3), middle (positions 4‒5), and outlet parts (positions 6‒8); XPS studies were carried out for the
inlet (positions 0‒3) and outlet parts (positions 6‒8), specific surface area, average pore size and
volumes were determined for the inlet (positions 0‒3), middle (positions 4‒5), and outlet parts
(positions 6‒8), and catalytic activities were measured for the inlet (positions 0‒3) and outlet parts
(positions 6‒8)

2.3. Catalytic activity and catalyst surface area measurements
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Catalytic activities of the fresh and the inlet and outlet parts of the vehicle-aged (Fig. 1) monolith

catalyst were measured with laboratory-scale light-off experiments with the following gas mixture:

600 ppm CH4, 500 ppm CO, 10 vol-% CO2, 12 vol-% O2, and 10 vol-% H2O, and N2 as balance

gas. The sample was placed in a quartz-tube and the measurements were carried out in a tubular

furnace at atmospheric pressure. The total gas flow was 1 dm3/min resulting in a gas hourly space

velocity (GHSV) of 31000 h-1 for a monolith sample having the diameter and length of 0.8 cm and

3.8 cm, respectively. The gas flow was controlled by mass flow controllers (Brooks 5850TR). H2O

was added into the reactor at 110°C with a peristaltic pump. Temperature of the catalyst sample was

increased from room temperature (RT) to 600°C with a heating rate 10°C/min. Concentrations of

the feed and product gases were measured as a function of temperature every five seconds by

GasmetTM FT-IR gas analyzer. Oxygen concentration was determined by using a paramagnetic

oxygen analyzer (ABB Advanced Optima).

Specific surface area and average pore size and volume of the fresh catalyst and samples taken from

the inlet, middle, and outlet parts of the aged catalyst (Fig. 1) were determined by nitrogen

adsorption at -196°C with the Micrometrics ASAP 2020 analyzer. Specific surface area was

calculated according to the Brunauer-Emmett-Teller (BET) theory and the average pore sizes and

volumes were determined using the Barrett-Joyner-Halenda (BJH) theory of nitrogen isotherm

analysis.

3. RESULTS AND DISCUSSION
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3.1. Microstructural characterization

Cross-sections of the catalysts were studied with FEGSEM and images with two magnifications of

the fresh catalyst and the inlet part and the middle part of the used catalyst are presented in Fig. 2.

In the fresh catalyst, Pt/Pd particles were too small to be detected by FEGSEM (Fig. 2 (a)). Particle

size of Pt/Pd increased through the catalyst in the vehicle-aging (white spots in Figs. 2 (b) and (c)),

but noble metals were still well distributed in the cross-sections of the used catalyst. The middle

part and the outlet part (not shown) looked similar. Particle size decreased from the inlet part to the

outlet part. According to the EDS studies, the inlet part of the used catalyst (position 0, Fig. 1) was

totally covered by a Ca-, P-, and S-rich layer (marked as poison layer in Fig. 2 (b)) and phosphorus

had also penetrated in the top layer of the catalyst (brighter layer on the top of the catalyst, marked

as P penetrated in Fig. 2 (b)). The poison layer was detected only in the very inlet part of the

catalyst (sample 0, Fig. 1). More detailed elemental analysis of the fresh and used catalysts was

carried out with XPS. Poisoning elements were detected in the used catalyst: the amount of these

elements (in weight-%) in the inlet part (poison layer + washcoat) were c/Ca » 19, c/S » 12, c/P » 8,

c/Zn » 5, and c/Si » 0.8 and in the outlet part c/Ca » 0.8, c/S » 1.3, c/P » 0.2, c/Zn » 0.1, and c/Si »

0.1. FEGSEM and XPS studies indicated clearly that the poisoning decreased significantly from the

inlet part to the outlet part.
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Fig. 2 Cross-sectional FEGSEM AsB images with two magnifications of the (a) fresh catalyst, (b)
inlet part of the vehicle-aged catalyst (position 0, Fig. 1), and (c) middle part of the vehicle-aged
catalyst (position 4, Fig. 1); white spots represent the noble metal particles

The particle size of noble metals in the vehicle-aged catalyst was measured from TEM images.

Totally from 150 up to 300 particles per sample were measured. The particle sizes were measured

from positions 1, 2, 4, 6, and 8 (marked in Fig. 1). It is important to notice that particles with size of

5‒20 nm also existed in the catalyst samples but only particles with the size >20 nm were taken into

account in the measurements. Thus, in the results there is a bias towards the bigger particle size.

However, the results can be used in comparison of the particle size distributions in different sections

of the catalyst. The particle size distribution in the different sections of the vehicle-aged catalyst is

presented in Fig. 3. The calculated average sizes of the particles for sample positions of 1, 2, 4, 6,

and 8 were 120±90 nm, 110±60 nm, 80±40 nm, 60±50 nm, and 40±10 nm, respectively. In general,

noble metal particle size increases with increasing aging temperature, as reported by e.g. [21‒22].
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Fig. 3 Particle size distribution in different sections (positions 1, 2, 4, 6, and 8, Fig. 1) of the
vehicle-aged catalyst; notice that particles with the sizes of 5‒20 nm also existed, but only particles
with the size >20 nm were taken into account in the measurements

More detailed structural characterization of the fresh and used catalysts was carried out with TEMs,

XRD, and XPS. TEM image with SAED pattern and FEG HRTEM image of the fresh catalyst are

presented in Figs. 4 (a) and (b), respectively. The fresh catalyst had a small-grained g-alumina-

based washcoat with uniformly distributed, small-grained (<5 nm) Pt/Pd particles. According to

EDS point analysis in the FEG HRTEM, the noble metal particles contain both Pt and Pd. Based on

the XRD studies of the fresh catalyst (Fig. 5), palladium and platinum were as an oxide form. The

XPS spectrum of the fresh catalyst for Pd 3d is presented in Fig. 6 (a), showing that the binding

energy of Pd 3d5/2 is 337 eV which indicates palladium to be as an oxide form and can be presented

possible as a mixture of PdO and PdO2 [17]. The XPS spectrum of the fresh catalyst for Pt 4d is

presented in Fig. 6 (b), showing that the binding energy of Pt 4d5/2 is 316 eV which indicates

oxidized Pt in the fresh catalyst [23‒25].
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Fig. 4 The fresh catalyst, (a) TEM image with SAED pattern and (b) FEG HRTEM image
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Fig. 5 XRD spectra of the catalyst samples, (a) 2q is 32‒35° and (b) 2q is 81‒83°; (1) is the fresh
catalyst, (2) is the inlet part of the vehicle-aged catalyst, (3) is the middle part of the vehicle-aged
catalyst, and (4) is the outlet part of the vehicle-aged catalyst

Fig. 6 XPS (a) Pd (3d) spectra and (b) Pt (4d) spectra of the catalyst samples; (1) is the fresh
catalyst, (2) is the inlet part of the vehicle-aged catalyst, and (3) is the outlet part of the vehicle-aged
catalyst

TEM images with various magnifications of the vehicle-aged catalyst from the inlet, middle, and

outlet parts of the converter are presented in Figs. 7, 8, and 9, respectively, Figs. 7‒9 include also

SAED patterns of the washcoats / noble metal particle. In general, during vehicle aging Pt/Pd
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particles grew significantly (Figs. 7 (a), 8 (a), and 9 (a)) compared to the fresh sample (Fig. 4 (a))

and the growing was more in the inlet than in the outlet part of the catalyst; as already seen in the

particle size distribution (Fig. 3). In addition, the grain size of the washcoat increased but the

structure remained the same, g-alumina, as in the fresh catalyst.

According to TEM studies of the inlet part of the used catalyst (Fig. 7), two types of the noble metal

particles were detected: mainly bimetallic Pt/Pd particles with fcc structure (Fig. 7 (b)) but also

bimetallic Pt/Pd particles with a Pd-rich shell (Fig. 7 (c)). According to the point EDS analysis, the

composition of the bimetallic Pt/Pd particles (in Fig. 7 (b)) varied; the cores contained both Pt and

Pd with Pd-rich composition but the outermost parts of the particles were even more Pd-rich. This is

probably due to segregation of Pd onto the surface of the bimetallic Pt/Pd particle [26]. According

to XRD studies, a peak between metallic Pd and Pt (Fig. 5 (b)) was detected indicating Pt/Pd alloy

[17]. The peak was near metallic Pd indicating that the composition of bimetallic Pt/Pd was Pd-rich

which agrees with the EDS analyses. These results indicate decomposition of palladium and

platinum oxides followed by formation of Pd-rich bimetallic Pt/Pd particles. Datye et al. [5] found

that decomposition of PdO starts by forming small domains of Pd on the PdO surface, Persson et al.

[17] reported that in the thermal decomposition of PdO, Pd is incorporated into the Pt/Pd alloy, and

Saenger et al. [27] observed that PdO/Pt/SiO2 converted to Pd-Pt alloy/SiO2 at 750°C in O2. Hauff

et al. [28] reported that the thermal decomposition of PtO to Pt happens above 350°C and that

platinum oxide is reduced, PtO to Pt and PtO2 to PtO, also by NO at low temperatures. Oxidation of

Pt by O2 and reduction of platinum oxide by NO are competing reactions; the oxidation is slower at

low temperatures but at higher temperatures it is faster than the reduction [28]. Another type of the

noble metal particles in the inlet part of the used catalyst was bimetallic Pt/Pd particle with a Pd-

rich shell (Fig. 7 (c)). According to the SAED patterns and based on the papers by e.g. [29‒32], the

structure of Pd-rich shell looks to be polycrystalline palladium oxide. A small peak of PdO (Fig. 5

(a)) was detected also in the XRD spectrum of the inlet part of the used catalyst. It can be concluded
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that reformation of palladium oxide has started on the Pt/Pd particle surfaces where Pd has

segregated. According to XPS studies, the binding energy of Pd 3d5/2 was 335 eV (Fig. 6 (b))

corresponding to metallic Pd [8,33]. Based on TEM and XRD studies, the portion of palladium

oxide was significantly less than that of bimetallic Pt/Pd. Platinum was invisible in the XPS

spectrum (Fig. X (b)) due to the segregation of Pd onto the surface of the bimetallic Pt/Pd particles

and due to the existence of palladium oxide on the surfaces of the Pt/Pd particles. So, it can be

concluded that after decomposition of palladium oxide and platinum oxide, bimetallic Pt/Pd

particles with Pd-rich composition formed. The particles had even more Pd-rich surface due to

segregation of Pd onto the surface of the Pt/Pd particles. Further, reformation of palladium oxide

occurred on the portion of the Pt/Pd particles. It is very likely that the operating temperature in the

inlet part of the catalyst has been such that the decomposition of palladium and platinum oxides

occurred and afterwards temperature has decreased so that the reformation of palladium oxide

existed. In addition of high temperature, e.g. strong poisoning and mechanical stresses caused

significant aging in the inlet part of the catalyst.
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Fig. 7 The inlet part of the vehicle-aged catalyst (position 1, Fig. 1), (a) TEM image and SAED
pattern of washcoat, (b) TEM image and SAED pattern of bimetallic Pt/Pd particle and (c) TEM
image of bimetallic Pt/Pd particle with Pd-rich shell

According to the TEM studies of the middle part of the used catalyst (Fig. 8), the noble metal

particle consisted of several crystals (Fig. 8 (b)). Bright-field STEM images with the EDS line

analysis of the two noble metal particles in the middle part of the used catalyst are presented in Fig.

8 (c). Based on the EDS point and line analyses and SAED, the darker area in the TEM image (Fig.

8 (b)) and the brighter area in the bright-field STEM images (Fig. 8 (c)) of the particle are

bimetallic Pt/Pd and the brighter areas in the TEM image (Fig. 8 (b)) and the darker areas in the

bright-field STEM images (Fig. 8 (c)) are Pd-rich. The FEG HRTEM image of the interface of the

Pt/Pd crystal and Pd-rich crystal is presented in Fig. 8 (d) showing that they are in very close

contact with each other and that both crystals are single crystals. The peaks corresponding to PdO

and Pt/Pd-alloy were detected in the XRD spectra (Fig. 5) and the composition of Pt/Pd-alloy was

Pd-rich which agrees with the EDS point analyses. Pd-rich areas in the TEM images (Fig. 8 (b)‒(d))

can be determined with XRD to be palladium oxide. Operating conditions in the middle part of the

used catalyst have been such that platinum oxide has decomposed and the decomposition process of
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palladium oxide has started but has been incomplete and due to that, the noble metal particles

consisted of Pd-rich bimetallic Pd/Pt crystal and palladium oxide crystals.
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Fig. 8 The middle part of the vehicle-aged catalyst (position 4, Fig. 1), (a) TEM image and SAED
pattern of the washcoat, (b) TEM image of the noble metal particle with bimetallic Pt/Pd crystal and
Pd-rich crystals, (c) bright-field STEM images with EDS line analysis of two noble metal particles,
and (d) FEG HRTEM image of the interface of the Pt/Pd crystal and Pd-rich crystal

According to the TEM studies of the outlet part of the used catalyst (Fig. 9), two types of noble

metal particles were detected: similar to the noble metal particles in the middle part of the catalyst

(Fig. 9) consisting of Pt/Pd and palladium oxide but with smaller particle sizes (Fig. 9 (b)) and Pd-

rich particles (Fig. 9 (c)). A strong PdO peak (Fig. 5 (a)) and a small peak of Pt/Pd-alloy (Fig. 5 (b))

were detected in the XRD spectra. The Pt/Pd-alloy peak was midway between metallic Pt and Pd

peaks indicating equal composition of bimetallic Pt/Pd which agrees with the EDS point analyses.

These results show that platinum oxide has decomposed and the decomposition of palladium oxide

has been slight and only a small amount of metallic Pd has formed bimetallic Pt/Pd crystals.

According to the XPS studies, the binding energy of Pd 3d5/2 was 336.0 eV (Fig. 6 (c))

corresponding to PdO [8,30] and the binding energy of Pt 4d5/2 (Fig. 7 (c)) was 314 eV
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corresponding to metallic Pt [23]. Thus, Pd-rich areas (Fig. 9 (b)) and Pd-rich particles (Fig. 9 (c))

in the TEM images can be determined with XRD and XPS to be PdO. So it can be concluded that

decomposition of palladium oxide has been only slight and also sintering of the noble metal

particles has been less than in the inlet and middle part of the catalyst.
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Fig. 9 The outlet part of the vehicle-aged catalyst (position 8, Fig. 1), (a) TEM image and SAED
pattern of the washcoat, (b) TEM image of the noble metal particle with bimetallic Pt/Pd crystal and
Pd-rich crystals, and (c) TEM image of the Pd-rich noble metal particle

3.2. Catalytic activity and catalyst surface area measurements

Catalytic activities and catalyst specific surface areas were measured for the fresh and used catalyst.

Catalytic activity, CH4 conversion as a function of temperature, of the fresh catalyst and the inlet

(positions 0‒3 in Fig. 1) and outlet parts (positions 6‒8 in Fig. 1) of the used catalyst are presented

in Fig. 10. The light-off temperature (T50) of the fresh catalyst was 373°C, and that of the inlet part

of the used catalyst 544°C, and the outlet part of the used catalyst 467°C. For 90% methane

conversion the temperature (T90) of the fresh catalyst was 459°C and that for the outlet part of the

used catalyst 549°C. The inlet part of the used catalyst did not reach 90% methane conversion. So,
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catalytic activity has significantly decreased in the vehicle-aged catalyst and decrease was even

higher in the inlet than in the outlet part of the converter. According to the microstructural studies, it

is due to many factors: a poison layer on the top of the catalyst in the inlet part, sintering of the

washcoat and noble metal particles, and decomposition of active palladium oxide to Pd followed by

formation of bimetallic Pt/Pd crystals. Ozawa et al. [12] have reported that rapid deactivation of

Pt×PdO/Al2O3 catalyst in thermal aging at atmospheric pressure was due to the decomposition of

PdO and slow deactivation due to particle growth of PdO and Pd-Pt. In the vehicle aging, in

addition to thermal aging also poisons affect the deactivation of catalysts. According to the studies

of the vehicle-aged catalyst, it was difficult to detect which one is more harmful, poisoning or

structural changes including sintering of the washcoat and noble metal particles and decomposition

of palladium oxide.

Fig. 10 Catalytic activities, CH4 conversions, of the fresh catalyst and inlet and outlet part of the
vehicle-aged catalyst; the test gas mixture contained 600 ppm CH4, 500 ppm CO, 10 vol-% CO2, 12
vol-% O2 and 10 vol-% H2O balanced with N2

Specific surface area (SBET), total pore volume, and average pore size of the fresh and used catalysts

(inlet, middle, and outlet parts; positions 0‒3, 4‒5, and 6‒8, respectively in Fig. 1) are presented in

Table 1. Specific surface area and total pore volume decreased and average pore size increased

during the vehicle aging. However, there is no significant difference in the results when comparing

the SBET and pore sizes and volumes of the samples from various positions of the used catalyst.
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According to microscopical studies, poisoning of the catalyst and sintering of the washcoat and

noble metal particles during the vehicle aging caused decreasing of the specific surface area.

Table 1 Specific surface area, average pore size, and total pore volume of the fresh catalyst and
inlet, middle, and outlet part (positions 0‒3, 4‒5, and 6‒8, respectively in Fig. 1) of the vehicle-aged
catalyst

Specific surface area
[m2/g]

Average pore size
[nm]

Total pore volume
[cm3/g]

Fresh 154 10.1 0.37
Used inlet 53 17.5 0.22
Used middle 56 18.5 0.26
Used outlet 55 18.7 0.25

4. CONCLUSIONS

The aim of this work was to study deactivation mechanisms of the natural-gas-vehicle-aged Pt/Pd

catalyst supported on the g-alumina-based washcoat. The changes compared to the fresh catalyst

were studied with FEGSEM, TEM, FEG HR(S)TEM, XRD, XPS, BET-BJH, and catalytic activity

measurements. In general, the grain size of the washcoat increased during the aging but its structure

remained the same as in the fresh one. According to TEM, XRD, and XPS studies, in addition to the

growth of the noble metal particle size, decomposition of platinum oxide and active palladium

oxide to metallic Pt and Pd, respectively, followed by the formation of bimetallic Pt/Pd particles

occurred. Sintering of the noble metal particles and the decomposition rate of palladium oxide were

significantly less in the outlet part than in the inlet part of the used catalyst. According to the

FEGSEM studies, the inlet part of the used catalyst was totally covered by a poisoning layer. These

factors caused significant decreasing in the catalytic activity of the used catalyst compared to the

fresh one and the activity decreased more in the inlet than in the outlet part of the used catalyst. It is

difficult to conclude which is more harmful, chemical poisoning or structural changes including

sintering of the washcoat and noble metal particles and the decomposition of palladium and
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platinum oxides. So, it is important to study individually the effects of thermal aging and poisoning

on the deactivation of the catalysts used in the natural gas applications. The achieved information

based on this study can be used to develop laboratory-scale aging and poisoning methods for Pt/Pd

catalysts. This information is also crucial in the development of efficient exhaust emission reduction

systems for NGVs.
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