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ABSTRACT: Diesel oxidation catalysts (DOC) were investigated
for oxidation activity, NO conversion stability, and sulfur
poisoning/regeneration on Pd/Al2O3, Pt/Al2O3, and Pd−Pt/
Al2O3 catalysts. The Pd/Al2O3 catalyst was more active for CO
and hydrocarbon (C3H6 and C3H8) oxidation, while the Pt/Al2O3
catalyst efficiently oxidized NO. The formation of a Pd−Pt alloy in
the Pd−Pt/Al2O3 catalyst maintained Pd in a more reduced phase,
resulting in the superior activity of this catalyst for the oxidation of
CO, C3H6, and NO in comparison with its monometallic
counterparts. The Pd−Pt alloy not only provided more low-
temperature activity but also retained the stability of NO oxidation.
The Pd−Pt alloy also favored the spillover of SO2 to the alumina support, resulting in significantly higher adsorption capacity of the
Pd−Pt/Al2O3 catalyst, extensively prolonging its lifetime. However, the stable sulfates on Pd−Pt/Al2O3 made it difficult to
completely regenerate the catalyst. The bimetallic sample showed higher activity for CO, C3H8, and C3H6 after sulfur poisoning and
regeneration.

1. INTRODUCTION
The diesel oxidation catalyst (DOC) is a key unit in the
exhaust after-treatment system (EATS) of diesel engines. The
DOC primarily oxidizes CO, unburned hydrocarbons (HCs),
and NO and thereby plays an important role in meeting
emission regulations.1 The efficiency of the DOC unit is
usually evaluated by the conversion of CO into CO2, HCs into
CO2 and H2O, and NO into NO2. Although NO2 still must be
removed, an optimum level of NO2 (i.e., NO/NO2 = 1) would
enhance the functions of other downstream units such as
regeneration of the diesel particulate filter (DPF) and selective
catalytic reduction of NOx (SCR-deNOx).

2,3 Several types of
catalysts have been investigated considering both catalyst
support and active phase.1 Pt-based catalysts, especially
bimetallic Pt−Pd, are often used in DOC units.1 The addition
of Pd into Pt could improve both the durability of a catalyst
against sintering and the catalytic performance of CO and
hydrocarbon oxidation.4−7 Bimetallic Pt−Pd catalysts are
prepared by an impregnation method with different synthesis
routes. The most common route is coimpregnation.6,8,9

However, a sequential impregnation of Pt/Pd (first Pt and
then Pd) or Pd/Pt (first Pd and then Pt) is also used from the
literature.10−14 The formation of Pt−Pd alloy mainly depends
on the temperature and atmosphere of the thermal aging
process. In an early study, Morlang et al. have reported that the
Pt−Pd alloy was formed even after calcination at 300 °C, or
after subsequentially reduction in H2 (500 °C) or thermal
aging in the presence of O2 and water vapor (750 °C).6

However, other works have stated that a higher temperature

(e.g., above 500 °C) is required to induce the formation of the
Pt−Pd alloy.9,15 The formation of Pt−Pd alloy results in a full
reduction of the Pt and the partially oxidized and partially
metallic character of the Pd in the bimetallic catalysts;
however, the distribution of PdO oxide phase is still not
clear, it could be adhered at the surface of the alloy particles
and/or isolated/dispersed on the alumina support.6,9,10

Diesel fuels always contain a certain level of sulfur, which is
converted into SO2 during the combustion of fuels. The
presence of SO2, even at low levels, is a well-known poison for
the DOC.8,16 Therefore, understanding the impact of sulfur
poisoning is a key factor to retain the lifetime of the DOC.
Once SO2 is present in the feed stream, it could interact with
either the support or the active sites of the DOC, and these
processes depend on the nature of the active phase, the types
of supports, the sulfur concentration, the operation temper-
ature, and other compounds such as water and oxygen.17−21

Alumina support is known as a sulfur trap in which sulfur is
adsorbed as sulfates, and this process significantly depends on
the sulfur source, for example, the process is faster for SO3 or
H2SO4 than for SO2.

22 Several studies have been performed to
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investigate the deactivation mechanism and impact of SO2 on
the reactivity of Pt/Al2O3 catalyst for CO,23 NO,18,24,25 and
hydrocarbon oxidation.26 Additionally, many studies have
focused on the deactivation of Pd/Al2O3 and Pd−Pt/Al2O3
catalysts by SO2 in the complete oxidation of methane.19,27−30

Gracia et al. have reported that in the presence of continuous
cofeeding of 20 ppm of SO2 in 1% CO−10% O2/He, a higher
sulfur storage capacity of alumina than silica was found, which
postponed the poisoning of the Pt surface. This subsequently
delayed the deactivation of the Pt/Al2O3 catalyst compared to
that of Pt/SiO2.

23 However, both catalysts showed the same
light-off temperature after extended time-on-stream once the
alumina surface had been saturated by SO2. Those authors
have suggested that the presence of SO2 not only blocked the
sites for preferential adsorption of oxygen but also altered Pt−
CO bonding.
Li and co-workers have found that the regeneration ability of

the Pt/Al2O3 catalyst poisoned with SO2 depended on the
exposure time, for example, there was only partial regeneration
after 20 h of SO2 exposure but a complete recovery after a
shorter exposure time (5 h).24 The authors have correlated the
reversible deactivation with a poisoning of terrace metallic Pt
sites, and they have correlated the irreversible deactivation with
the poisoning of edge and stepped Pt atoms. When
investigating the deactivation of SO2 on three commercial
DOCs and a Pt/Al2O3 model catalyst, Kröcher et al. have
reported that under a low concentration of SO2, for example 1
ppm at 250 °C, the catalysts stored a large part of the SO2 via
two processes, comprising fast saturation of the catalyst by
sulfuric acid and long-lasting sulfation of the washcoat.18 The
former hampered NO conversion and could be removed
between 350 and 400 °C, while the latter formed a more stable
compound, for example, aluminum sulfate, which decomposed
at higher temperatures. However, when prolonging the time-
on-stream up to 22 h on Pt/Al2O3, Olsson and Karlsson found
that the inclusion of 30 ppm of SO2 (in a gas mixture
containing 630 ppm of NO and 8% O2 in Ar) caused a
significant decrease in NO conversion during the first 30 min,
but the NO conversion started to gradually increase after 3 h of
time-on-stream from 4.8% to 22.2% at the end of the test.25

This beneficial effect of SO2 on Pt/Al2O3 at 250 °C is linked to
the formation of large Pt particles during SO2 exposure, which
is more active for NO oxidation.
In a very early study of hydrocarbon oxidation, Yao et al.

found that surface sulfates on Pt/Al2O3 promoted the
dissociative adsorption of C3H8 on Pt and subsequently
resulted in significant improvement in the combustion of
C3H8.

31 The same trend was reported in other studies.32−34 In
contrast, the presence of SO2 has been found to cause a
decrease in the conversion for the oxidation of C3H6 under
reaction conditions similar to those for C3H8.

31,34 The
inhibiting impact of SO2 on the conversion of C3H6 depends
on the temperature, for example, SO2 blocks the Pt-active sites
below the light-off temperature (<200 °C). However, SO2 and
SO2-derived species can desorb or diffuse to the bulk alumina
above 200 °C, which does not inhibit the Pt-active sites, and as
a result, the conversion of C3H6 is independent of the presence
of SO2 at higher temperatures.34 Other studies have confirmed
the poisoning effect of sulfur for C3H6 oxidation on Pt/Al2O3
catalysts.35,36 However, a positive impact of SO2 on C3H6
oxidation has been reported. The T50 for C3H6 oxidation on
Pt/Al2O3 was found to decrease by almost 30 °C after the

catalyst had been aged with 30 ppm of SO2 at 800 °C for 2 h
followed by sulfur regeneration.37

In summary, the impact of sulfur on the oxidation activity of
Pt/Al2O3 has been extensively studied for each single model
component in diesel exhaust gas emission, for example, CO,
NO, C3H6, and C3H8. In general, the presence of sulfur
strongly inhibits the oxidation of CO but promotes C3H8
oxidation, while the impact of sulfur is more complex for NO
and C3H6 oxidation. Although some extended studies have
investigated the interaction of sulfur with both monometallic
and bimetallic Pd−Pt/Al2O3, most of those studies have
focused on the impact of sulfur on the oxidation activity of the
individual gas, such as CO, NO, C3H6, C3H8, as aforemen-
tioned, and especially CH4,

13,19,27,28 or a mixture of gases, such
as CO and C3H6.

38 The performance of the DOC units
significantly depends on gas composition.8 Consequently, it is
necessary to investigate the impact of SO2 on the DOCs in the
presence of a gas mixture, especially with water, which could
affect the pathway of sulfur poisoning.30 The objective of this
work was to examine the impact of sulfur poisoning and the
regeneration of monometallic and bimetallic Pd−Pt/Al2O3
catalysts during the simultaneous oxidation of CO, NO,
C3H6, and C3H8 in the presence of H2O. A series of sequential
tests were performed to compare monometallic and bimetallic
catalysts in terms of (i) activity and stability during
temperature ramps, (ii) the stability of NO conversion, (iii)
the effect of reductive treatment, (iv) SO2 adsorption capacity
in correlation with activity at 200 °C during sulfur poisoning,
and (v) regeneration under lean/rich conditions of the feed
stream and in H2. The catalysts were thoroughly characterized
with inductively coupled plasma sector field mass spectrometry
(ICP−SFMS), X-ray diffraction (XRD), transmission electron
microscopy (TEM), nitrogen physisorption, CO chemisorp-
tion, X-ray photoelectron spectroscopy (XPS), and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS).

2. EXPERIMENTAL METHODS
2.1. Chemicals. Alumina (γ-Al2O3, Sasol, Puralox, SBa-200,

specific surface area 190 m2 g−1) was used as a support while
solutions of Pt(NO3)4 (Pt 15% w/w, Alfa Aesar) and
Pd(NO3)2 (Pd 10% w/w, Alfa Aesar) were used as noble
metal precursors. Boehmite (dispersal P2, Sasol), absolute
ethanol (Merck), and Milli-Q water were used to prepare a
slurry for washcoating.

2.2. Catalyst Preparation. The alumina support was first
calcined at 550 °C for 6 h. The support was impregnated with
a precursor solution of Pt or Pd to prepare monometallic
samples, Pt/Al2O3 or Pd/Al2O3, respectively. The impregnated
material was dried at 90 °C for 16 h, and then calcined in a
static oven at 550 °C for 2 h. A bimetallic sample denoted Pd−
Pt/Al2O3 was also prepared with a two-step impregnation of
Pd first and then Pt, and the catalyst was calcined after each
impregnation step. Note that the loadings of the noble metals
were selected to obtain equimolar amounts of Pt and Pd for
comparison.
The powder material was then washcoated on a cordierite

honeycomb monolith (400 cpsi (cell per square inch), Ø = 21
mm, L = 20 mm). Prior to washcoating, all bare monoliths
were calcined at 600 °C for 2 h. The clean monolith was
dipped into a slurry containing approximately 15 wt % of a
solid (a mixture of catalyst and binder with a weight ratio of
catalyst/binder = 95/5. Boehmite from Sasol, Dispersal P2,
was used as the binder) and 85 wt % liquid (water/ethanol =
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50/50 weight ratio). The monolith was calcined at 550 °C at a
ramping rate of 5 °C min−1 for 2 h after washcoating. The
targeted total mass of washcoat on each monolith was
approximately 500 ± 10 mg.
2.3. Catalyst Characterization. Note that all character-

izations (except ICP-SFMS) were performed on the samples
that were degreened and pretreated (see section 2.4.1) to
investigate the properties of the catalysts before the reaction.
2.3.1. Inductively Coupled Plasma Sector Field Mass

Spectrometry (ICP−SFMS). Pt and Pd loadings in the calcined
catalysts were determined with ICP−SFMS analysis performed
by ALS Scandinavia (Luleå, Sweden).
2.3.2. X-ray Diffraction (XRD). XRD measurements were

carried out using a D8 Advance Diffractometer (Bruker AXS,
Germany, Cu Kα radiation). Wide-angle diffractograms were
collected over 2θ range from 20 to 90° with a step size of 0.02°
and scan time of 1 s per step. The average crystallite sizes of
Pt0 and PdO denoted dc, were determined using the Scherrer
eq (eq 1) in which the full width at half-maximum (β) of the
Pt(111) and PdO(112) plane was corrected with the Warren
equation (eq 2) with alumina as the reference. The Bragg
angles θ at Pt(111) and PdO(112) reflection were determined
from the XRD pattern. The wavelength λ of the Cu Kα and the
shape factor KF were 0.15406 nm and 0.89, respectively.39

d
K
cosc

Fλ
β θ

=
(1)

observed
2

reference
2β β β= − (2)

2.3.3. Nitrogen Physisorption. Nitrogen physisorption
measurements were performed at −196 °C using a Micro-
meritics Tristar instrument. About 0.15 g of powder catalyst
was degassed at 250 °C for 8 h. The specific surface area
(SBET) was calculated using the Brunauer−Emmett−Teller
(BET) multiple-point method in the relative pressure range p/
p0 from 0.05 to 0.3.
2.3.4. CO Chemisorption. Metal dispersion was determined

with CO chemisorption using an ASAP2020 Plus instrument
(Micromeritics). About 0.1 g of powder catalyst was degassed
in He, evacuated in vacuum at 110 °C, and reduced in H2 at
400 °C for 1 h. The sample was then evacuated to 5 μmHg at
400 °C for 30 min before being cooled to 35 °C. The sample
was further evacuated to 5 μmHg at 35 °C, and a leak test was
performed. After that, it was evacuated to 5 μmHg before the
first isotherm (total isotherm) was performed in the pressure
range from 100 to 600 mmHg (interval of 25 mmHg). When
the first isotherm was completed, the sample was evacuated to
remove physically adsorbed CO before the second isotherm
was repeated. The difference between the two isotherms
provided the isotherm of chemisorbed CO. The intercept of a
linear regression curve fit from the isotherm of chemisorbed
CO was attributed to the amount of adsorbed CO on a
monolayer of the metal surface. The dispersion was calculated
with eq 3:

D
FN

N
(%) 100M

s CO

M
=

(3)

where NM is the total number of atoms of metal, NCO is the
number of CO molecules adsorbed on the monolayer, and Fs is
a stoichiometric factor considering the form of CO adsorption
on the metal. The stoichiometry factor was 1 and 2 for Pt- and

Pd-based catalysts, respectively.40,41 The crystallite size was
reported based on the assumption of hemispheric particles.

2.3.5. Transmission Electron Microscopy (TEM). TEM
characterization was carried out with an FEI Titan 80−300
microscope equipped with a Cs-corrector probe and a high-
angle annular dark-field (HAADF) detector and energy
dispersive spectroscopy (EDS). Fine catalyst powder (the
degreened sample) was dispersed into absolute ethanol and
sonicated for 15 min. One drop of the obtained suspension was
distributed onto carbon-coated Cu grids. Average particle size
and size distribution were determined by counting >150
particles using ImageJ software.

2.3.6. X-ray Photon Spectroscopy (XPS). X-ray photo-
electron spectroscopy (XPS) analyses were performed using a
PerkinElmer PHI 5000 VersaProbe III scanning XPS mircop-
robe apparatus. The X-ray source was generated from
monochromatic Al Kα radiation (energy 1486.6 eV), and the
beam size diameter was 100 μm. The system was aligned with
Au (83.96 eV), Ag (368.21 eV), and Cu (932.62 eV), and the
binding energy was calibrated with the carbon peak C1s at
284.8 eV before performing narrow scan measurements. It
should be noted that Pt4f5/2 and Al2p lines overlapped. To
distinguish Pt4f5/2 and Al2p, Pt4f7/2 was determined first
since its binding energy was visible, and then an energy
separation of 3.33 eV and a 4:3 intensity ratio between Pt4f5/2
and Pt4f7/2 was routinely used as constraints in the line fitting
to deconvolute separately the photoelectron line of Pt4f5/2
from its overlapping with Al2p.

2.3.7. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS). In situ DRIFTS spectra were recorded
on a Vertex 70 spectrometer equipped with a liquid nitrogen
cooled MCT (mercury cadmium telluride) detector. Sample
powder was placed in a high-temperature reaction cell (Harrick
Praying Mantis) equipped with a CaF2 window. A
thermocouple was installed in the middle of the cell to
monitor the temperature of the sample. The temperature was
regulated with a Eurotherm 2416 controller, while the gas
flows were controlled with mass flow controllers (Bronkhorst
Hi-Tech). Prior to the experiment, each catalyst was pretreated
at 500 °C with 10 vol % O2/Ar for 15 min and then cooled to
35 °C. The background was recorded at this temperature, and
thereafter a flow of 0.1 vol % CO/Ar was introduced to the
cell. The spectra were recorded every minute for 30 min when
the sample was exposed with CO. After that the CO flow was
switched off, and the sample was purged with Ar for 10 min
before the last spectrum was recorded.

2.4. Catalytic Tests. The oxidation performance of the
catalysts was tested using a flow reactor system consisting of a
horizontal quartz tube (i.d. 21 mm × L 780 mm), a heating
system (Eurotherm temperature controller), eight mass flow
controllers (MFC, Bronkhorst), a controlled evaporator and
mixer (CEM) to supply water vapor (Bronkhorst), and an
online-gas analyzer (MultiGasTM 2030 FTIR, MKS). Two K-
type thermocouples, one in front (distance about 2 cm) and
one in the middle of the monolith, were used to measure the
temperature of the inlet gas stream and inside the monolith,
respectively.

2.4.1. Degreening and Pretreatment. Degreening and
pretreatment steps are necessary to activate the catalyst to a
well-defined and stable state before performing the catalytic
tests. For degreening, the monolith was first reduced in a
gaseous mixture containing 2 vol % H2 and 5 vol % H2O/Ar at
500 °C for 30 min and then oxidized in a mixture of 500 ppm
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of NO, 8 vol % O2, and H2O/Ar at 700 °C for 2 h. The catalyst
was then cooled to 500 °C and subjected to a pretreatment
procedure. The pretreatment was performed at 500 °C in five
sequential steps (15 min for each) in different gas mixtures,
namely, 10 vol % O2 and 5 vol % H2O/Ar; 5 vol % H2O/Ar; 1
vol % H2 and 5 vol % H2O/Ar; 5 vol % H2O/Ar; and 10 vol %
O2 and 5 vol % H2O/Ar. Eventually, the catalyst was cooled to
120 or 150 °C depending on the subsequent experiment.
For catalyst characterization, the degreening was performed

with catalyst powder placed in a crucible in the reactor. The
catalyst powder was exposed to the same conditions for
degreening as the monolith.
2.4.2. Activity Tests. Each catalyst was tested in a sequential

experiment, as shown in Figure 1. The sequences were as

follows: (i) oxidation with two cycles of ramping the
temperature from 120 to 500 °C (denoted T1); (ii) stability
test of NO oxidation, 10 h at 250 °C for Pt-based catalysts, and
10 h at 250, 300, 350, 400, 450 °C (2 h for each temperature)

for the Pd-only catalyst (T2); (iii) oxidation with (T4) and
without (T3) prereduction of the catalyst; (iv) sulfur
poisoning with 4 h in the gas mixture as T1−T4 but with
the addition of 20 ppm of SO2 at 200 °C; and (v) a
regeneration and activity test after each regeneration step (T5
to T9, R1 to R4), see section 2.4.3 for a detailed description.
Another sequence of the experiment was performed on the

second monolith of Pt/A2O3 to investigate the effect of
hydrocarbons on the oxidation of NO. After the degreening
and pretreatment step (see section 2.4.1), the first experiment
was performed in a standard gas mixture containing 500 ppm
of NO, 10 vol % O2, and 5 vol % H2O balanced in Ar. The
temperature was increased from 120 to 500 °C with a ramp of
10 °C min−1. This experiment was repeated, with also adding
C3H8 into the standard gas mixture with different concen-
trations, 250, 500, and 1000 ppm, corresponding to a NO/
C3H8 ratio of 2:1, 1:1, and 1:2, respectively. Finally, 500 ppm
of C3H6 was added into the mixture with a NO/C3H8 ratio of
1:1. Before each test, the catalyst was pretreated (see section
2.4.1).

2.4.3. Regeneration. Four different steps were employed to
regenerate the catalyst after a 4 h duration of SO2 poisoning.
The duration of each regeneration step was 30 min. The gas
composition used in each regeneration step is given in Table 1.
In the first step, R1, the catalyst was heated to 600 °C in the
presence of the reactants (lean condition), whereas in the R2
and R3 steps, the catalyst was maintained at 450 and 600 °C,
respectively, in rich condition (the O2 flow was shut-off). In
the last step, R4, the catalyst was reduced in H2 at 600 °C. The
tests T5 to T9 were performed after each regeneration step and
were compared for catalyst regeneration. SO2, SO3, and H2SO4
were measured during the regeneration; however, the
concentrations of SO3 and H2SO4 were negligible and could
therefore not be processed with adequate accuracy. The main
SOx source observed was SO2, which was used for the
discussion in section 3.2.4.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. The Pt and Pd contents
obtained with the ICP-SFMS analysis were 1.8 and 1.0 wt %
for monometallic Pt/Al2O3 and Pd/Al2O3, respectively (Table
2). The bimetallic Pd−Pt/Al2O3 catalyst contained 1.0 wt % Pt
and 0.7 wt % Pd. Note that these loadings resulted in a similar
total mole of noble metals in each sample. These low loadings
of noble metals did not significantly alter the surface area of the
alumina support; the three impregnated samples showed very
similar specific surface areas approximately 177−181 m2 g−1

(Table 2).

Figure 1. Description of experiments used to examine the DOCs in a
flow reactor. D+P1 stands for degreening and pretreatment (see
section 2.4.1). Test T1: two cycles of ramping mode from 120 to 500
°C (10 °C min−1); pretreatment P2. T2: stability test of NO
oxidation for 10 h at 250 °C (Pt-based catalysts), or a total of 10 h at
250, 300, 350, 400, 450 °C (2 h at each temperature for the Pd-only
catalyst); pretreatment P3. T3: test at seven points of temperature
150−450 °C (interval 50 °C, 30 min for each step). Regeneration R4:
reduction in H2 at 600 °C for 30 min. T4 test (same as T3); sulfur
poisoning at 200 °C in gas mixture + 20 ppm of SO2. T5 test (same as
T3); Regeneration R1; T6 test (same as T3); Regeneration R2; T7
test (same as T3); Regeneration R3; T8 test (same as T3);
Regeneration R4; T8 test (same as T3). Detailed information about
the gas compositions of each test is given in Table 1.

Table 1. Gas Composition for the Catalytic Tests and Regeneration. The Compositions Were Balanced with Ar in All Tests

gas/ppm

test CO NO C3H6 C3H8 O2/vol % H2O/vol % H2/vol % SO2

T1 1000 500 500 500 10 5
T2 500 10 5
T3−T9 1000 500 500 500 10 5
sulfur poisoning/4 h 1000 500 500 500 10 5 20
R1/600 °C 1000 500 500 500 10 5
R2/450 °C 1000 500 500 500 5
R3/600 °C 1000 500 500 500 5
R4/600 °C 2
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Figure 2 presents TEM images of Pt/Al2O3, Pd/Al2O3, and
Pd−Pt/Al2O3 catalysts after the degreening treatment. The
alumina support had a needle-like morphology on which the
particles of the supported metal were dispersed. Most Pt
particles were homogeneously distributed on the alumina
surface of Pt/Al2O3 with an average particle size distribution of
approximately 2.0 nm together with a few large and
agglomerated particles (10−20 nm) (Figure 2a, a1). Both
small and large particles of Pd/Al2O3 were observed. In
addition, larger Pd clusters of small particles were found;
however, it was difficult to distinguish the individual Pd
particles in the agglomerates, and the size of the agglomerates
was used instead. This resulted in an overestimation of the
particle size of this sample. The average particle/cluster size
was approximately 12.1 nm (Figure 2b, b1). The bimetallic

Pd−Pt/Al2O3 sample showed both small and large particles in
a range of 2−13 nm with an average particle size of
approximately 7.4 nm (Figure 2c, c1). Pd−Pt/Al2O3 had a
smaller particle size distribution than Pd/Al2O3, indicating an
improvement in the sintering resistance of Pd particles in the
presence of Pt at high temperatures, which is in line with the
literature.8,42 It should be noted, however, that the clusters
were also included in the dispersion evaluation of Pd/Al2O3,
consequently, an exact comparison cannot be made. To
analyze the distribution of Pd and Pt in the bimetallic Pd−Pt/
Al2O3 catalyst, STEM-EDS images were taken. Figure 3
presents the distribution of Pd, Pt, and Al elements. The
overlap of the Pd and Pt signals (Figure 3c, d) with the bright
spots from the HAADF TEM image (Figure 3a) indicates a
uniform elemental composition of the clusters. This result also

Table 2. Physico-Chemical Properties of Monometallic and Bimetallic Pd−Pt/Al2O3 Catalysts

loading/wt % CO chemisorption particle size/nm

catalyst Pd Pt SBET/ m2 g−1 CO/μmol g−1 CO/Mmol/mol dispersion /% CO chemisorption STEM XRD

Pd/Al2O3 1.2 181 42.8 ± 0.4 0.38 76 1.5 12.1 10
Pt/Al2O3 1.8 177 17.6 ± 0.4 0.18 18 6.3 2.0 20
Pd−Pt/Al2O3 0.7 1.0 180 14.8 ± 0.4 0.13 20 7.4 13a

aFor Pt particle.

Figure 2. TEM images and particle size distribution of Pt/Al2O3, Pd/Al2O3, and Pd−Pt/Al2O3 catalysts.
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demonstrated that Pt and Pd are interacting and not
distributed separately on the support surface. This finding
suggests an alloy formation.
The XRD patterns (Figure 4) show broad reflections of the

γ-Al2O3 support (PDF #01-076-3264). Metallic Pt (PDF #04-

016-6758) and PdO (PDF #041-007-6608) were also
identified on Pt/Al2O3 and Pd/Al2O3, respectively, while
both Pt and PdO were found on bimetallic Pd−Pt/Al2O3, in
line with the literature.8−10 No other oxide phase of Pt was
identified, although Pt/Al2O3 and Pd−Pt/Al2O3 were
degreened at 700 °C in an oxidizing environment. Interest-
ingly, the diffraction angle of Pt(311) in the bimetallic sample
(2θ = 81.5°) shifted slightly to a higher angle than the angle of
Pt/Al2O3 (2θ = 81.3°), while no change in the diffractions of
the support occurred. These results suggest the formation of a
Pt−Pd alloy, as reported by Graham and co-workers.15

However, this was not observed in the bimetallic sample
after the only calcination at 550 °C (before the degreening)

(Figure S1, Supporting Information), indicating that the Pd−
Pt alloy had mainly been formed during the degreening step
wherein the sample was treated at 700 °C. Martin and co-
workers have reported the formation of a Pt−Pd alloy at 800
°C but not at 500 °C under treatment in air or air in the
presence of water,9 which supports our findings. The Pt(311)
peak of bimetallic Pd−Pt/Al2O3 was broader and less intense
than the peak of the monometallic Pt/Al2O3, suggesting that
the sintering of the Pt particles had been suppressed in the
bimetallic sample. The mean crystallite sizes of the metallic Pt
(reflection (311)) calculated by using the Scherrer equation
were found to be 20 and 13 nm for Pt/Al2O3 and Pd−Pt/
Al2O3, respectively. The crystal size of the PdO (reflection
(112)) from Pd/Al2O3 was approximately 10 nm, whereas it
was not possible to calculate the crystal size for PdO from Pd−
Pt/Al2O3 due to the weak intensity of the reflection (112) on
this sample. Note that in the X-ray diffraction, the coherent
scattering area of crystalline particles smaller than 2 nm is not
large enough to contribute significantly to the Bragg
reflections, and consequently, the particle sizes obtained with
XRD are often overestimated.6 The particle sizes of Pd/Al2O3
determined with TEM were mainly based on large clusters, and
therefore they were close to the sizes determined with XRD
since both analyses considered large particles. A discrepancy in
the average particle sizes determined with XRD and TEM was
found for Pt/Al2O3. This discrepancy was because XRD
accounted for large particles, while TEM included small
particles.
CO chemisorption measurements were performed to

complement the XRD and TEM analyses of particle size,
and the data are summarized in Table 2. The amounts of
adsorbed CO were 42.8 and 17.6 μmol g−1, resulting in
dispersions of 76 and 18% for Pd/Al2O3 and Pt/Al2O3,
respectively. Note that the calculated dispersions were based
on the stoichiometric factor of CO of 1 and 2 for Pt/CO and
Pd/CO, which corresponds to a linear and bridged carbonyl
adsorption geometry, respectively. Our DRIFTS data (Figure
6) showed that only linear carbonyl CO adsorbed onto Pt/
Al2O3 while both linear and bridged CO carbonyl were
observed on Pd/Al2O3. Although the exact ratio between linear
and bridged carbonyl is not known; stoichiometric adsorption
of Pd/CO = 2 has been widely used in the literature,40,43 and
was also adopted in this study, but it should be noted that this
could lead to a somewhat underestimation of the Pd
dispersion. The larger dispersion of Pd than Pt is equivalent
to smaller mean particle size, 1.5 and 6.0 nm, respectively.
Bimetallic Pd−Pt/Al2O3 showed a dispersion of 20%, which is
slightly higher than that of Pt/Al2O3. We suggest that the
discrepancy in particle sizes of PdO and Pt between HR-TEM
and CO chemisorption is because of the differences in the
methods. CO chemisorption provides information for the
whole samples, while TEM gives information regarding the
local positions of the samples. For example, TEM shows an
average size of 12.1 nm, whereas CO chemisorption gives an
average size of 1.5 nm for Pd/Al2O3. This could be because the
smallest Pd particles were not observed in our TEM images,
and besides that we could not resolve the Pd sizes in the Pd
clusters. In contrast, for CO chemisorption measurements, CO
can access the whole sample, and CO chemisorption thereby
provides more precise information on the average size of Pd in
the sample. Such discrepancy of the average sizes determined
by TEM and chemisorption has also been reported in the
literature earlier.44

Figure 3. HAADF TEM images and EDS maps for the Pd−Pt/Al2O3
catalyst: (a) TEM image, (b) Al-K line, red, (c) Pt-L line, yellow, and
(d) Pd-L line, orange. The bar scale in panel a is the same for all
panels.

Figure 4. X-ray diffraction patterns of Pt/Al2O3, Pd/Al2O3, and Pd−
Pt/Al2O3 catalysts.
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XPS measurements were performed to examine the surface
oxidation states of the noble metal phases. The spectra
recorded for the core levels of Pd3d, Pt4f, and Al2p are
presented in Figure 5, while the binding energy (B.E.) values
are summarized in Table 3. Pd/Al2O3 showed a B.E. of Pd3d5/

2 core at 336.9 eV, suggesting the presence of a Pd2+ oxidation
state. While Pt/Al2O3 had a Pt4f7/2 core level of
approximately 71.5 eV, which was close to the standard
value of metallic Pt (approximately 71 eV), suggesting an
abundant amount of metallic Pt on the surface of this catalyst,
but also likely small amounts of oxides.45 Interestingly, the
bimetallic Pd−Pt/Al2O3 sample exhibited Pd3d5/2 and Pt4f7/
2 core levels at 335.3 and 71.1 eV, respectively, suggesting that
both Pd and Pt were in metallic form on the surface of this
sample. Note that the ultrahigh vacuum treatment during
sample preparation before measurements could lead to a
partial reduction of PdO.46 However, the most important
conclusion is that Pt was fully reduced in the bimetallic Pd−
Pt/Al2O3 sample after degreening, and Pd existed in a more
reduced form (lower oxidation state) than its monometallic
counterparts. We suggest that this is related to the formation of
a Pd−Pt alloy; alloy formation is also supported by the XRD
results (Figure 4) and TEM-EDS (Figure 3). Our results are in

line with the study by Johns and co-workers, who found that Pt
had been fully reduced, and almost 70% of the Pd species were
in the metallic phase when the authors examined the
microstructure of bimetallic Pt−Pd catalysts aged in the air
at 750 °C.10

Figure 6 presents the DRIFTS measurements of CO
adsorption onto Pd/Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3. As
shown in Figure 6a, Pd/Al2O3 had two main broad peaks at
approximately 2098 and 1938 cm−1 after 30 min of CO
exposure in a flow of 100 mL min−1 of 1000 ppm of CO in Ar
at atmospheric pressure. The main peak at 2098 cm−1 and a
shoulder at 2060 cm−1 were assigned to linear CO adsorption
onto metallic Pd (Pd0-CO) with different particle sizes.47,48

The shoulders at the higher wavenumber 2135 and 2123 cm−1

were assigned to CO adsorbed onto cationic Pd2+-CO and
Pd+-CO.49 Note that the band 2135 cm−1 is quite close to the
value of 2138 cm−1 for physically adsorbed CO (which was
usually observed under high pressure of CO).50 Moreover, this
band was only observed on Pd/Al2O3 and Pd−Pd/Al2O3 but
not on the Pt/Al2O3 catalyst (Figure 6a). In addition, the band
was not removed (only decreased) during Ar flushing after the
CO exposure. These results, therefore, suggest that the band at
2135 cm−1 is not associated with physically adsorbed CO. The
band at 1938 cm−1 has been reported to be associated with
bridging CO adsorption onto either Pd+ or metallic Pd
species.28,51−53 However, the presence of this band even in the
first spectrum directly after the catalyst was exposed to CO
flow (Figure 6b), combined with the absence of a metallic Pd
in the degreened catalyst (as identified with both XRD and
XPS), suggest that the band at 1938 cm−1 is related to bridging
CO on Pd+. The spectra for CO adsorption onto Pd/Al2O3 in
Figure 6b show that the main IR bands when starting the CO
adsorption are associated with Pd2+-CO, which is in line with

Figure 5. X-ray photoelectron spectra of Pd/Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3 catalysts: (a) Pd3d of Pd/Al2O3, (b) Pd3d of Pd−Pt/Al2O3, (c)
Pt4f of Pt/Al2O3, and (d) Pt4f of Pd−Pt/Al2O3. The dotted and solid black lines are the original and fitting curves, respectively, of the spectra.

Table 3. Binding Energy of Pd3d5/2, Pt4f7/2, and O1s
Identified from XPS of Pd/Al2O3, Pt/Al2O3, and Pd−Pt/
Al2O3 Catalysts

binding energy/eV

core Pd/Al2O3 Pd−Pt/Al2O3 Pt/Al2O3

Pd 3d5/2 336.9 335.3
Pt 4f7/2 71.1 71.5
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XPS and XRD data. When the time for CO exposure is
increased the Pd2+-CO increased slowly in intensity, whereas
the bands of Pd+-CO and Pd0-CO were more intense and
rapidly increased with the time-on-stream of CO exposure.
This indicates that the Pd2+ was partially reduced to Pd+ and
metallic Pd during CO adsorption.
In contrast, the main IR bands for Pt/Al2O3 were observed

at 2090, 2115, and 2160 cm−1 (Figure 6a), and the entire
spectrum exhibited a uniform shape without any significant
shift in peak positions during the 30 min of CO adsorption
(Figure 6c). The most intense peak at 2090 cm−1 was assigned
to CO linearly adsorbed onto metallic Pt,54,55 whereas the
second (2115 cm−1) and the third peaks (2160 cm−1)
corresponded to CO adsorbed onto monatomic metallic Pt
species, and CO weakly coordinated to Pt ions, respec-
tively.56,57

Adsorption of CO for 30 min onto bimetallic Pd−Pt/Al2O3

resulted in three main IR bands at 2135, 2090, and 1938 cm−1

(Figure 6a). The band at 2090 cm−1 was ascribed to CO
linearly adsorbed onto metallic Pt while the bands at 2135 and
1938 cm−1 were assigned to CO adsorption onto Pd2+ and Pd+,
respectively, similar to the monometallic samples. Additionally,
a weak band at approximately 1988 cm−1 (Figure 6d) appeared
in the spectrum of Pd−Pt/Al2O3 suggesting the presence of
metallic Pd in this sample.52 Finally, the bands at 2135 (Pd2+−
CO) and 2120 cm−1 (Pd+−CO) almost retained their relative
intensities to the band at 2090 cm−1, unlike those observed on

Pd/Al2O3. This suggests that Pd cations are more stable in
Pd−Pt/Al2O3 than Pd/Al2O3 during CO adsorption.
In summary, all characterization results indicate that the

nature of Pd and Pt species are different for monometallic and
bimetallic Pd−Pt catalysts. PdO is the main phase in Pd/
Al2O3, whereas metallic Pt is the major component in Pt/
Al2O3. The results suggest that the bimetallic Pd−Pt/Al2O3
catalyst contains Pd−Pt alloy, in which the metallic Pt
maintained the Pd in a more reduced form (lower oxidation
state than Pd2+) unlike Pd/Al2O3, in which Pd was fully
oxidized in the form of PdO. In line with the literature, we
found that the presence of Pt in the Pd−Pt bimetallic catalyst
provided some beneficial effects such as the weakened bond
strength of Pd−O and an increase in the Pd/PdO ratio.11,14,58

3.2. Activity Test. After being degreened and pretreated to
activate and stabilize the active sites, the catalysts were tested
in a sequential experiment as described in Figure 1. The focus
of this section will be on comparisons of the three catalysts in
terms of baseline catalytic activity, NO conversion stability,
sulfur resistance, and sulfur regeneration.

3.2.1. Baseline Catalytic Activity. The catalytic tests were
performed in the simulated exhaust gas. Figure 7 presents the
light-off curves for CO, NO, C3H8, and C3H6 obtained for Pd/
Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3 catalysts. Table 4
summarizes the temperatures at which 50% (T50) or 90%
(T90) of each gas was converted and Figure S2 shows the NO2
and N2O concentrations. Two ramp-cycle tests were
sequentially performed on each catalyst without pretreatment

Figure 6. CO DRIFTS spectra performed on Pd/Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3: (a) comparison of the last spectrum of each sample (purging
with 100 mL min−1 of Ar for 10 min after stopping CO gas); and (b−d) spectra with time-on-stream during CO adsorption in a flow of 100 mL
min−1 of 1000 ppm of CO with Ar balance gas at atmospheric pressure. The samples were treated in 10 vol% O2/Ar at 500 °C for 30 min and then
cooled to 35 °C in Ar before CO adsorption measurements.
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in between. The results in Figure 7 clearly show that the light-
off curves of all the components for Pd/Al2O3 shifted to higher
temperatures in the second cycle (dashed lines) than those in
the first cycle (solid lines), and the shifts were more
pronounced for CO and C3H6 than for C3H8 and NO. In
contrast, the light-off curves for Pt/Al2O3 were almost identical
between the two cycles, except for CO for which the low-
temperature range of the second cycle shifted. The bimetallic
Pd−Pt/Al2O3 catalyst showed minor shifts in the light-off
curves in the second cycle for all components. These
observations suggest that the Pt/Al2O3 catalyst exhibited
greater stability than the Pd/Al2O3 catalyst, likely because it
had more resistance to noble metal oxidation. Interestingly, the
bimetallic catalyst also had the same good oxidation resistance
as monometallic Pt/Al2O3.
We used the light-off curves of the second cycle to compare

activity among the catalysts. The oxidation activity of both Pd/

Al2O3 and Pt/Al2O3 followed a similar trend, that is, CO <
C3H6 < NO < C3H8, although the activity for each component
was different. The Pd/Al2O3 catalyst had significantly lower
T50 values for CO, C3H6, and C3H8 than the Pt/Al2O3 catalyst
(Table 4), indicating that the former was highly active for the
oxidation of CO and hydrocarbons. The higher oxidation
activities of CO and C3H6 on Pd/Al2O3 than on Pt/Al2O3 is
also found in the literature.59,60 It should be noted that the
dispersion of our catalysts was significantly higher for Pd/
Al2O3 than for Pt/Al2O3, as evidenced by CO chemisorption
(Table 1), which resulted in more active sites for the oxidation
reactions. Pt/Al2O3 had first a rapid increase in the conversion
of CO, followed by a small decrease, and then an increase
again (Figure 7b, black solid curve, the first cycle). A possible
reason for this could be that some of the Pt sites were being
oxidized during the first ramp and therefore produced lower
activity. The peak in CO conversion in the second ramp
experiment was not visible, and in contrast, the conversion of
CO was lower in the low-temperature region, indicating the
transformation of some Pt sites during the first ramp.
Although Pd/Al2O3 initially converted NO at a low

temperature, approximately 160 °C, the oxidation of NO was
poor up to 350 °C with a planar conversion of less than 10%.
The activity then slightly increased and peaked at approx-
imately 450 °C with 21% conversion. NO2 formation
decreased at a higher temperature due to thermodynamical
equilibrium limitations.61 In contrast, for Pt/Al2O3 the NO
oxidation started at approximately 210 °C, and then quickly
peaked at 260 °C with a conversion of 60%. The NO light-off
coincided with the C3H6 light-off and the reason for this could
be that the C3H6 species blocked the Pt sites and that C3H6
oxidation frees up sites for the NO oxidation reaction.12 The
NO oxidation of this sample decreased at higher temperatures;
however, the decrease in NO2 formation was faster than
thermodynamic equilibrium. The decrease in NO conversion
seemed to follow a trend similar to the conversion of C3H8. It
is possible that when the temperature increases, the C3H8 is
activated resulting in that hydrocarbon species block some Pt
sites used for NO oxidation. To verify this hypothesis, we
performed additional experiments of gas mixtures with
different ratios of NO/C3H8 (1:2, 1:1, and 2:1) and in the
presence of 500 ppm of C3H6 in the mixture of NO/C3H8 =
1:1. As shown in Figure S2, the NO conversions at
temperatures lower than 200 °C were almost similar; however,
the NO conversion significantly decreased with an increase in
the concentration of the added C3H8 at temperatures higher
than 200 °C. Moreover, the presence of C3H6 caused a
tremendous increase in the light-off temperature of the catalyst
for NO oxidation. The oxidation of C3H8 on Pt/Al2O3 was
different from the oxidation on Pd/Al2O3; the former had a
lower ignition temperature but a slower increase in reaction
rate when the temperature increased, resulting in a higher T50
of C3H8. This result was similar to that reported by Kim and
co-workers.60 Note that at 450 °C the Pd/Al2O3 catalyst had
reached full conversion of C3H8, while the conversion for the
Pt/Al2O3 catalyst was only 80% at 500 °C.
Bimetallic Pd−Pt/Al2O3, which has about half the amount of

Pt and Pd of monometallic catalysts (i.e., the same number of
moles of noble metals), had a synergetic effect in its catalytic
performance compared to the monometallic counterparts. The
Pd−Pt/Al2O3 catalyst showed a T50 value for C3H8 that was
similar to the value for Pd/Al2O3. The bimetallic catalyst
lowered the T50 value for the conversion of CO and C3H6

Figure 7. Conversion of CO, C3H6, NO, and C3H8 on (a) Pd/Al2O3,
(b) Pt/Al2O3, and (c) Pd−Pt/Al2O3 catalysts; total flow rate of 2600
mL min−1 (standard temperature and pressure STP) containing 1000
ppm of CO, 500 ppm of NO, 500 ppm of C3H6, 500 ppm of C3H8, 10
vol % O2, and 5 vol % H2O balanced in Ar. GHSV = 22 520 h−1.

Table 4. T50 and T90 Values of CO, C3H6, NO, and C3H8 on
Monometallic and Bimetallic Pd−Pt/Al2O3

Pd/Al2O3 Pt/Al2O3 Pd−Pt/Al2O3

gas cycle T50 T90 T50 T90 T50 T90

CO 1st 149 169 175 247 160 166
2nd 186 213 217 247 164 168

NO 1st 252
2nd 253

C3H8 1st 346 381 426 353 382
2nd 356 397 419 364 398

C3H6 1st 180 210 244 252 172 177
2nd 220 247 245 252 177 185
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compared to Pd/Al2O3, even though the Pd−Pt/Al2O3 only
contained half the amount of Pd. The T50 value for CO (164
°C) and C3H6 (177 °C) over Pd−Pt/Al2O3 was found to be
similar to those recently reported for a Pt−Pd/Al2O3 catalyst
under low-temperature combustion of diesel (LTC-D), for
example, T50 = 160 and 174 °C for CO and C3H6,
respectively.8 It has also been reported in the literature that
a Pd−Pt alloy enhanced the oxidation of CO and C3H6,

62

which is in line with our results. The promotion of CO
oxidation occurred because the Pd in a bimetallic alloy
improves the amount of CO adsorption in the form of the
coadsorbed carbonyl with oxygen (CO-M-O). Subsequently,
the available oxygen lowered the light-off temperature.62

The Pd−Pt/Al2O3 catalyst not only had a low ignition
temperature for NO oxidation, similar to that for Pd/Al2O3 but
also had a bimodal temperature profile with a maximum of
conversion at approximately 260 °C (43%) and 410 °C (35%).
The decrease in NOx conversion around 280 to 350 °C
coincides with the propane light-off. We suggest that
hydrocarbon species from the propane during light-off might
adsorb on the active sites for NO oxidation, in the same way as
for the Pt/Al2O3, resulting in a decreased NO oxidation (see
Figure S2). At higher temperatures when the rate for propane
oxidation is higher, more sites are again free for the NO
oxidation reaction and the NO2 formation again increases. NO
conversion at 260 °C was 43%, which was lower than the
conversion for Pt/Al2O3. This was likely due to a lower Pt
loading in the bimetallic catalyst. However, a major benefit of
the bimetallic catalyst was that NO oxidation started as early as
at 175 °C, compared with 225 °C for Pt/Al2O3. We suggest
the reason for this high NO oxidation activity at a low
temperature is that the light-off of C3H6 occurred at a low
temperature in the bimetallic catalyst. Some of the Pt sites
were blocked by C3H6 species before propene light-off,
hindering NO oxidation,12 which we also clearly observed in
Figure S2. Our results are in line with the study by
Gremminger et al., in which bimodal profiles for Pd/Al2O3
and Pd−Pt/Al2O3 were found, with the highest conversion for
Pt/Al2O3.

8 However, the beneficial effect of bimetallic Pd−Pt/
Al2O3 for NO oxidation was not significant in that study,8 in
contrast with the results of the present study. One possible
reason for this discrepancy could be that different reducing
agents were used.
In addition to the NO2 product attributable to the oxidation

of NO, we also observed the formation of N2O at
approximately 180 °C for Pd/Al2O3 and Pd−Pt/Al2O3, and
at approximately 250 °C for Pt/Al2O3 (Figure S3). N2O had
likely formed through the reduction of NO caused by the
hydrocarbons. Pd−Pt/Al2O3 was the most active catalyst with
the formation of approximately 36 ppm of N2O in the second
cycle.
3.2.2. NO Oxidation Stability Tests. After the two

temperature ramp experiments, the catalyst (Pd/Al2O3, Pt/
Al2O3, and Pd−Pt/Al2O3) was pretreated with a reduction and
oxidation step and then examined for NO oxidation stability
for 10 h (Figure 8). Note that the focus was on the activity for
NO oxidation, and therefore a simplified gas mixture was used
in these tests (500 ppm of NO, 10 vol % O2, and 5 vol % H2O
in Ar), without CO and hydrocarbons to exclude their
interference since they generally suppress NO oxidation.12,63

Pd/Al2O3 was almost inactive at 250 °C and converted only
20% of NO at 450 °C, indicating poor activity. The experiment
was therefore conducted by increasing the temperature in steps

from 250 to 450 °C. In contrast, Pt/Al2O3 was highly active
with an initial NO conversion of 43% at 250 °C. The
experiment with Pt/Al2O3 was therefore performed for 10 h at
the same temperature. However, the conversion of NO on the
Pt/Al2O3 catalyst slightly deteriorated from 43% to 35% after
10 h of time-on-stream. Interestingly, Pd−Pt/Al2O3 was more
stable than Pt/Al2O3 for NO oxidation; the conversion only
decreased from 39% to 36%.
Metallic Pt and PdO are proposed to be the active sites for

NO oxidation on monometallic Pt/Al2O3 and Pd/Al2O3
catalysts, respectively. Metallic Pt was more active than the
Pt oxides on the Pt/Al2O3 catalyst because metallic Pt has a
higher adsorption capacity for NO.64−66 PdO was the main
active site for NO oxidation on the Pd/Al2O3 catalyst as the
reaction rate of NO oxidation relies on the mobility of the
surface oxygen of PdO clusters.67,68 However, NO2 occupied
PdO sites once it had formed and thereby decreased the
number of vacancies and limited the mobility of surface
oxygen. These factors had an inhibiting effect on NO
oxidation.67 The NO2 dissociation with Pt-active sites was
easier on the Pt/Al2O3 catalyst than the dissociation with O2,
causing high oxygen coverage on these active sites. This
blocked the surface of Pt-active sites and decreased NO
oxidation activity.69 The presence of NO2 facilitated platinum
oxidation, and the platinum oxides that formed had a lower
activity for NO oxidation.70 The reason for the deterioration in
the conversion of NO during the stability tests on the Pt/Al2O3
catalyst was likely the formation of Pt oxides caused by the
partial oxidation of surface metallic Pt. The addition of Pd to
Pt improved the stability of the active sites for NO oxidation. It
has been reported that a core−shell formation occurs in
bimetallic Pd−Pt, in which the Pt core is protected against
oxidation by an exterior shell of Pd, which could explain the
more stable activity of the Pd−Pt/Al2O3 catalyst than that of
the Pt/Al2O3 catalyst.

68 Our XPS results showed that the Pd−
Pt/Al2O3 catalyst had a more reduced Pt than the Pt/Al2O3
catalyst (see Figure 5), which could explain its high stability of
NO conversion in Figure 8.

3.2.3. Effect of Pretreatment on Oxidation Activity. The
catalyst was activated again with the pretreatment procedure in
section 2.4.1 after the NO stability test, and then it was

Figure 8. NO conversion on Pd/Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3
catalysts for 10 h; total flow rate of 2600 mL min−1 (STP) containing
500 ppm of NO, 10 vol % O2, and 5 vol % H2O balanced in Ar.
GHSV = 22 520 h−1 and temperature at 250 °C for Pt/Al2O3 and
Pd−Pt/Al2O3, and at 250−450 °C (interval of 50 °C, 2 h for each).
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subjected to the activity test at different temperatures from 150
to 450 °C (interval of 50 °C, so-called T-step) with and
without the H2 pretreatment (Figure 9). All three catalysts
functioned well in the oxidation of CO, NO, and C3H6, but not
in the oxidation of C3H8. Both CO and C3H6 had been
completely converted at 300 °C, while C3H8 had converted
less than 20%, with increasing order of Pd/Al2O3 (7%) < Pd−
Pt/Al2O3 (11%) < Pt/Al2O3 (14%) (see Figure 9a). The
maximum conversion of NO at 250 °C was 40 and 50% on the
Pd−Pt/Al2O3 and Pt/Al2O3 catalysts, respectively. In contrast,
the conversion of NO on the Pd/Al2O3 catalyst was only 8%.
Bimetallic Pd−Pt/Al2O3 had superior oxidation of CO, NO,
and C3H6 at 200 °C. CO and C3H6 were completely oxidized,
while the conversion of NO was approximately 28%. The
monometallic Pd/Al2O3 and Pt/Al2O3 catalysts were inactive
at 200 °C for both C3H6 and NO. The conversion of CO was
14 and 33% on the Pd/Al2O3 and Pt/Al2O3 catalysts at 200 °C,
respectively. The superior performance of the bimetallic
catalyst at low temperatures can be explained by the presence
of abundantly reduced forms of Pt and Pd species in PdO−Pt.
Pretreatment with H2 significantly improved the oxidation of

CO and C3H6 on the Pd/Al2O3 catalyst, but not the oxidation
of CO and C3H6 on the Pt/Al2O3 catalyst. The oxidation of
hydrocarbons and NO on the Pt/Al2O3 catalyst was almost
unchanged, except for the conversion of CO at 200 °C, at
which point, the conversion of CO increased from 33 to 48%
after the H2 pretreatment. In contrast, the conversion of CO
and C3H6 on the Pd/Al2O3 catalyst largely increased from
negligible or low to almost full conversion at 200 °C. This
catalyst even showed active CO and C3H6 oxidation at 150 °C.
A significant improvement was found for the oxidation of CO
on the Pd−Pt/Al2O3 bimetallic catalyst in which the

conversion of CO increased from 4 to 64% at 150 °C after
the H2 pretreatment. These results clearly show that the H2
pretreatment significantly influenced the oxidation of CO and
C3H6 on both Pd/Al2O3 and Pd−Pt/Al2O3 catalysts but not
on the Pt/Al2O3 catalyst. According to Zorn et al., the
palladium oxide on the Pd/Al2O3 and Pd−Pt/Al2O3 catalysts
can easily be transformed into metallic Pd after the H2
pretreatment, which is more active than the original PdO
form.52 In contrast, most of the Pt on the Pt/Al2O3 catalyst
was in metallic form, as evident from XPS data (Figure 5). It is
possible that a small fraction of surface platinum oxide could
be reduced by H2, and this could explain the small increase in
CO oxidation at 150 °C. This is in line with the XPS results in
which a small shift to lower binding energies was observed for
the bimetallic catalyst (see Figure 5). The PdO has been
reported to be more active for C3H8 oxidation than the
metallic Pd sites,71 and subsequently, the H2 pretreatment
might cause a negative effect. However, our data showed that
the conversion of C3H8 was almost the same after the H2
pretreatment. Metallic Pd was possibly reoxidized at temper-
atures higher than 250 °C under the lean condition of the gas
mixture, which initialized the oxidation of C3H8.

3.2.4. Sulfur Poisoning and Regeneration of DOC. The
poisoning and regeneration of sulfur over the monometallic
and bimetallic catalysts were investigated. The catalyst was
cooled to 200 °C in the reaction mixture after the last step (at
450 °C) of the T4 test (see Figure 1). The catalyst was
stabilized for 30 min at this temperature, and then, 20 ppm of
SO2 was introduced to the reaction mixture (1000 ppm of CO,
500 ppm of NO, 500 ppm of C3H6, 500 ppm of C3H8, 10 vol
% O2, and 5 vol % H2O) for 4 h. The SO2 was then switched
off and the reaction was maintained at 200 °C for another 30

Figure 9. Effect of H2 pretreatment on conversions of CO, NO, C3H8, and C3H6 on Pd/Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3 catalysts at different
temperatures: (a) without H2 pretreatment and (b) with H2 pretreatment before the activity test; total flow rate of 2600 mL min−1 (STP)
containing 1000 ppm of CO, 500 ppm of NO, 500 ppm of C3H6, 500 ppm of C3H8, 10 vol % O2, and 5 vol % H2O balanced in Ar. GHSV = 22 520
h−1. Each temperature was maintained for 30 min.
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min. This was followed by cooling the catalyst to 150 °C and a
new cycle of T-step tests (T5, 150−450 °C, see Figure 1) was
performed. Figure 10 shows the concentration of SO2 (Figure

10a) and the oxidation activity (Figure 10b) over the three
catalysts during sulfur poisoning. An immediate breakthrough
of SO2 occurred on the Pt/Al2O3 catalyst, whereas the
adsorption of SO2 was extended to approximately 0.5 h on
the Pd/Al2O3 catalyst. The adsorption of SO2 onto the Pt/
Al2O3 catalyst was almost saturated after 1 h of exposure since
the SO2 concentration in the outlet stream almost reached the
initial concentration of 20 ppm. However, the adsorption of
SO2 onto the Pd/Al2O3 catalyst was not saturated even after 4

h of adsorption (outlet SO2 concentration approximately 15
ppm at the end of the poisoning). It should be noted that also
SO3 and H2SO4 were measured, but the values were in general
low and below the level for accurate determination. It was
found that the main SOx source was SO2. For the Pt/Al2O3
catalyst, the SO2 profile shows lower SO2 storage initially,
which increases and reaches maximum storage after 100 min.
Since the gas mixture contains 5 vol % H2O, the alumina
surface is mostly occupied with OH groups. SO2 can therefore
not directly interact with the support but it needs to adsorb on
Pt and be oxidized into SO3, which thereafter can spill over to
the support and be captured in the form of sulfates.21 Note
that before SO2 was introduced, the catalyst was exposed to the
reactants during the cooling and the 30 min reaction at 200 °C
before introducing SO2. It is likely that the Pt species are
covered with different HC and NO species and there is a
transition time for SO2 to compete with the Pt sites to get
sufficient SO2 oxidation. We suggest the high initial SO2 outlet
concentration is related to that transition time.
The total adsorption capacity of SO2 was 0.1 and 0.6 mmol

gcoating
−1 on the Pt/Al2O3 and Pd/Al2O3 catalysts, respectively.

These results show that the Pd/Al2O3 catalyst had a higher
capacity for the adsorption of SO2 than the Pt/Al2O3 catalyst,
which is in line with the results in the literature. Wilburn et al.
have found that a Pd−Pt/Al2O3 catalyst with a higher content
of Pd favored a greater amount of alumina sulfate species.72

The bimetallic Pd−Pt/Al2O3 catalyst adsorbed SO2 almost
completely up to 170 min, and the catalyst was not saturated
by SO2 even after 4 h of exposure. This resulted in a total
capacity for the adsorption of SO2 of 1.0 mmol gcoating

−1, which
is remarkably higher than that of the monometallic Pd/Al2O3
and Pt/Al2O3 catalysts.
The impact of SO2 on the oxidation of each catalyst was

evaluated using the conversion of CO, NO, and C3H6, but not
C3H8, because none of the three catalysts was active for C3H8
combustion at 200 °C. The conversion of CO on the Pt/Al2O3
catalyst was almost constant at 35% during the sulfur-
poisoning step, regardless of the addition of 20 ppm of SO2
(Figure 10b, bottom graph). The Pt/Al2O3 catalyst reached
saturation of SO2 quite fast (Figure 10a) indicating that the
CO oxidation activity is not maintained by the removal of
sulfur species from the Pt by sulfur storage on the support, but
instead, is maintained by a high resistance to sulfur poisoning
of the Pt sites. In contrast, the conversion of CO on the Pd/
Al2O3 catalyst dropped immediately as soon as SO2 was added
(Figure 10b, bottom graph), indicating that SO2 was instantly
adsorbed and blocked the PdO-active sites. Complete
deactivation occurred after about 1 h of exposure to SO2,
although the adsorption of SO2 continued for another 3 h,
suggesting that SO2 had been further adsorbed onto the
alumina support. The conversion of CO had slightly recovered
after SO2 was removed from the gas mixture. SO2 did not alter
the conversion of CO and C3H6 on the bimetallic Pd−Pt/
Al2O3 catalyst during the first 170 min. It should be noted that
the catalyst may have been deactivated during this period, but
the conversion of CO and C3H6 was so high that no
deactivation was visible. The conversion of CO and C3H6 had
dropped to 59% and 11%, respectively, by the end of the
poisoning step. This is in contrast to the Pd/Al2O3 catalyst, for
which the conversion of CO dropped to zero. These results
indicate that SO2 on the bimetallic Pd−Pt/Al2O3 catalyst
seemed to adsorb mainly onto the alumina support, evidenced
by the large capacity of this catalyst for SO2 adsorption.

Figure 10. (a) SO2 concentration profiles and (b) gas conversions
(CO, NO, C3H8, and C3H6) during the sulfur poisoning step at 200
°C for 4 h; total flow rate of 2600 mL min−1 (STP) containing 1000
ppm of CO, 500 ppm of NO, 500 ppm of C3H6, 500 ppm of C3H8, 10
vol % O2, and 5 vol % H2O balanced in Ar. The reaction was
performed in a gas mixture at 200 °C for 30 min before 20 ppm of
SO2 was added to the gas mixture for 4 h. Then the reaction was
maintained for 30 min more at the same temperature after SO2 was
removed. GHSV = 22 520 h−1.
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The conversion of C3H6 and NO oxidation on the Pd/Al2O3

and Pt/Al2O3 catalysts was too low prior to the introduction of
SO2 to examine the effect of SO2 during time-on-stream. The
oxidation activity of the bimetallic catalyst partially recovered
for C3H6(27%) when SO2 was switched off, and the activity
was close to full conversion for CO (94%) after 30 min. The
NO conversion profile on the Pd−Pt/Al2O3 catalyst showed a
general trend like that of C3H6 in terms of duration of stability

and deactivation. The conversion of NO on this bimetallic

catalyst was somewhat enhanced in the presence of SO2 after

about 1.5−2 h, for instance, the conversion of NO increased

from 24.7 to 28.4%. However, the conversion of NO

subsequently decreased and was approximately 4.3% at the

end of the sulfur poisoning step. The enhancement of SO2 for

NO oxidation could occur because of the low-temperature

Figure 11. Comparison of conversion profiles of CO, NO, C3H8, and C3H6 on Pd/Al2O3, Pt/Al2O3, and Pd−Pt/Al2O3 catalysts after each
regeneration step. Four regeneration steps R1, R2, R3, and R4 were carried out. The conversion of each gas through T-step experiments was
compared: before sulfur poisoning (black dotted line), after sulfur poisoning (black solid line), after R1 (red line), after R2 (blue line), after R3
(green line), and after R4 (violet line).
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sintering effect in the presence of SO2 on the Pt/Al2O3
catalysts, as reported in the literature.25,37

A T-step experiment from 150 to 450 °C was carried out
after the sulfur poisoning step to determine the impact of SO2
on the oxidation activity of CO, NO, C3H6, and C3H8
(denoted “after poisoning”), and then a sequence of four
regeneration steps (R1−R4) was performed. The regeneration
steps were (i) R1 regeneration with thermal treatment at 600
°C in the gas mixture (lean condition), (ii) R2 and R3
regeneration in rich conditions (switched off O2 in the gas
mixture) at 450 and 600 °C, respectively, and (iv) R4
regeneration in an H2 environment at 600 °C. A T-step
experiment from 150 to 450 °C was performed after each
regeneration step to evaluate the degree of recovery. The
conversion of each gas (CO, NO, C3H8, and C3H6) in the four
T-step experiments (after each regeneration step) was then
compared with the conversion before and after sulfur
poisoning to evaluate the degree of recovery of each catalyst,
see Figure 11. Note that the T-step experiment directly after
the sulfur poisoning could be self-regenerated from 150 to 450
°C before the first regeneration step at 600 °C in the same gas
mixture.
Pd/Al2O3 catalyst was susceptible to SO2 poisoning and as a

result lost almost all the active sites at low temperature, for
example, at 150−200 °C for CO, at 200 °C for NO, at 300−
350 °C for C3H8, and 200 °C for C3H6 (compare the solid and
dashed black lines in Figure 11a, d, g, j). The first regeneration
step (R1) partially regenerated the activity for CO at 200 °C,
C3H8 at 400 °C, and C3H6 at 250 °C. Additional regeneration
steps resulted in the recovery of more active sites at low
temperatures, for example, CO at 150 °C, NO at 200 °C, C3H8
at 350 °C, and C3H6 at 200 °C. The conversion of CO, NO,
C3H8, and C3H6 on the Pd/Al2O3 catalyst was fully recovered
after the last regeneration step (R4).
The presence of SO2 was beneficial for C3H8 oxidation on

Pt/Al2O3, in which the conversion of C3H8 increased after the
sulfur poisoning step. This has also been reported in the
literature and explained by the fact that sulfur promotes the
dissociative adsorption of C3H8 onto Pt,31−34 or that it results
in the formation of acidic sites at the Pt/Al2O3/SO4

2−

interface, which enhances the cleavage of the C−C bond of
C3H8 and, consequently, improves the oxidation of C3H8.

26

When sulfur regeneration increased, the conversion of propane
decreased; however, after R4 the conversion of propane
remained higher than before sulfur poisoning, indicating that
some sulfur was left. SO2 did not significantly impact the
activity of Pt/Al2O3 for NO and C3H6 oxidation (Figure 11e,
k). However, while all regeneration steps did not alter the
activity of C3H6 oxidation, the R3 and R4 steps improved the
conversion of NO. For example, the conversion of NO at 250
°C was 52% before poisoning (at the end of the temperature
step), but the conversion of NO was 58% after the R4 step. We
previously observed that sulfur poisoning followed by
regeneration can enhance NO oxidation, due to the formation
of larger more active Pt particles.25 In contrast, the
regeneration steps R1−R3 did not help to recover the activity
of CO oxidation at low temperatures; instead, these
regeneration steps decreased the conversion of CO. However,
the activity had fully recovered after the R4 step (Figure 10b).
Regeneration of the bimetallic Pd−Pt/Al2O3 catalyst was

more efficient than the regeneration on the Pd/Al2O3, for
example, the conversion of CO and the oxidation of C3H6 had
completely recovered after the R1 step at 200 °C. The

conversions were even higher after the R3 and R4 steps than
before sulfur poisoning (Figure 11c, l). The improved activity
in those steps indicated that a greater number of active sites
had been regained after the R3 and R4 steps. Those additional
active sites could be metallic Pd species that might have been
formed during the reduction of PdO by H2 during the R4 step,
as reported in the literature.46 Zorn et al. have reported that
metallic Pd or reduced PdOx (x < 1) was more active for CO
oxidation than PdO on alumina support for CO oxidation.52

However, the metallic Pd and the reduced PdOx (x < 1) were
reoxidized under lean reaction conditions,52 and consequently,
the conversion of CO dropped at the end of the step at 150 °C
(violet curves in Figure 11a, c). A similar trend was found for
CO oxidation on Pd/Al2O3 catalyst as well. The conversion of
CO after the R4 step was significantly higher in the first 15 min
at 150 °C than the conversion of CO before sulfur poisoning.
CO and hydrocarbons at 1000 ppm were used in the R3 step
and this could result in the formation of metallic Pd under the
rich conditions of the step (also during R2). We also observed
the formation of CO (see Table S1) during the R3 step.
According to Arvajova ́ et al. metallic Pd can be formed through
the reduction of PdOx with hydrocarbons or CO,73 which
agrees well with our results. However, in contrast to the R4
step, the conversion of CO after the R3 step increased with
time-on-stream (30 min) at 150 °C (green curves in Figure
11a, c). This suggests that the catalysts had been activated
during low temperatures, which was observed for both the Pd/
Al2O3 and Pd−Pt/Al2O3 catalysts. A possible reason for this
could be the formation of hydrocarbon species on the noble
metal during regeneration in rich conditions, which could be
removed in the lean conditions in the T-step experiment.
The improvement in C3H6 oxidation after the R3 and R4

steps can be explained similarly to the improvement in CO
oxidation, which was due to the reduction of PdO to metallic
Pd. The positive effect of H2 pretreatment on Pd-based
catalysts for the oxidation of C3H6 was also reported in the
literature.74 The conversion of C3H8 increased at 300 °C after
the sulfur poisoning step (compare solid and dashed black
curves in Figure 11i), but it then decreased at higher
temperatures (350 to 450 °C). The conversion of C3H6 at
300 °C was completely recovered after all regeneration steps.
The activity after the R3 and R4 was even better at 350 °C
than before the poisoning step, however, it was slightly lower
after the R4 step than after R3. The beneficial effect of SO2 on
propane oxidation has been observed earlier,31−34 and the
present results suggest that sulfur remained on the surface of
the catalysts after regeneration steps, although there was a
lower amount of sulfur after the R4 step. About 50% of NO
oxidation was regained at 200 °C after the R1 step, similar to
the findings after both the R2 and R3 steps (Figure 11f).
Although the conversion of NO recovered additionally after
the R4 step, it had reached only 75% of its initial oxidation
before the poisoning step.

4. CONCLUSIONS
In summary, this work investigated the activity of diesel
oxidation catalysts (monometallic Pd/Al2O3, Pt/Al2O3 and
bimetallic Pd−Pt/Al2O3 catalysts) focusing on three main
aspects: (i) oxidation activity of CO, NO, C3H6, and C3H8, (ii)
NO oxidation stability, (iii) sulfur poisoning and regeneration
ability. The bimetallic Pd−Pt/Al2O3 possessed an alloy of Pd−
Pt and maintained Pd in a reduced phase, in contrast to the
monometallic Pd/Al2O3 catalyst in which Pd existed in the
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oxidized form PdO. The monometallic Pd/Al2O3 catalyst had a
high conversion for the oxidation of CO and hydrocarbons,
whereas the Pt/Al2O3 was highly active for NO oxidation. The
bimetallic Pd−Pt/Al2O3 catalyst showed superior activity
compared to its monometallic counterparts due to the
synergetic effect of the formation of a Pd−Pt alloy. The
bimetallic Pd−Pt/Al2O3 exhibited a lower light-off temperature
for CO and C3H6 oxidation than the Pd/Al2O3 catalyst. The
conversion of C3H8 on the Pd−Pt/Al2O3 catalyst was similar
to that on the Pd/Al2O3 catalyst, although it contained only
half of the amount of Pd. In comparison with the Pt/Al2O3
catalyst, the Pd−Pt/Al2O3 oxidized NO at a lower temperature
(around 200 °C) and had greater stability with time-on-stream
for NO oxidation. This was likely due to a higher oxidation
resistance of Pd−Pt alloy than the monometallic Pt. Exposure
to a SO2-containing gas mixture resulted in stable sulfates on
the Pd−Pt/Al2O3 catalyst, and thereby a great storage capacity
for SO2. This extensively prolonged the lifetime of the catalyst,
but on the other hand made it more difficult to remove sulfur
from the catalyst.
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