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A B S T R A C T   

This study investigates the effect of the Pt/Pd ratio on the oxidation activity and sulfur poisoning/regeneration of 
diesel oxidation catalysts (DOC) using beta zeolites with high siliceous content as support. Formation of Pt-Pd 
alloy leads to contraction of the cell lattice of Pt in the bimetallic catalysts, improving not only the sintering 
resistance of Pt but also retaining a high fraction of Pd in Pd2+ form. Moreover, the Pt-Pd alloy also improves the 
oxidation resistance of the particles, which enhances the activity of the catalysts for CO and C3H6 oxidation. 
Bimetallic catalysts also favor NO reduction at a lower temperature than the monometallic Pt although they 
showed lower values for the absolute conversion of NO due to a decrease in the total number of the Pt active 
sites. In addition, the bimetallic catalysts significantly improved the sulfur resistance as compared to the 
monometallic Pd catalyst. Moreover, the bimetallic catalysts could easily recover their activity for NO and C3H6 
oxidation by thermal treatment either in lean conditions or in H2. The reduction with H2 was necessary to 
recover completely the activity of the CO and C3H8 oxidation.   

1. Introduction 

Diesel oxidation catalysts (DOCs) play a key role in the emission 
control system of diesel vehicles [1]. Apart from its original functions, i. 
e. the removal of CO and unburnt hydrocarbons, modern DOCs are also 
important for NO oxidation to produce NO2, which can be utilized by 
downstream units [2]. For example, NO2 emitted from the DOC can 
oxidize soot trapped in the Diesel Particulate Filter (DPF). NO2 can also 
be involved in the fast Selective Catalytic Reduction of NOx (2NH3 + NO 
+ NO2 → 2 N2 + 3 H2O) in the SCR unit. The development of an efficient 
DOC needs to consider two main points, namely, the reaction conditions 
and the stringent requirement of modern regulation. The exhaust gas 
emitted from a diesel engine has a complex composition with heavy 
hydrocarbons, a large amount of water, some poisoning agents, and lean 
conditions due to a high air/fuel ratio. Moreover, the exhaust gas tem-
perature is also lower than the gasoline counterpart. To adapt to strin-
gent regulations under such harsh reaction conditions, the use of 
Platinum group metals (PGM) in the development of the DOC is indis-
pensable. Traditional DOCs use Pt but modern DOCs are predominantly 

based on Pt-Pd bimetallic catalysts [3]. The addition of Pd improves the 
sintering resistance of Pt, although monometallic Pd is less active than 
its Pt counterpart for NO and hydrocarbon oxidation (except CH4) and 
more susceptible to sulfur poisoning [2,3]. However, the Pd-based cat-
alysts are generally more active than their Pt counterparts for CO 
oxidation [2]. 

Some studies have been performed to investigate the activity of Pt-Pd 
catalysts for DOC, including both technical papers [3–8] and research 
articles [9–12]. More information about the literature on Pt-Pd catalysts 
for DOCs published before 2011 can be found in the review by Russell 
and Epling [2]. The bimetallic Pt-Pd catalysts have been reported to be 
more active than the monometallic Pt catalysts for some reactions. For 
example, bimetallic Pt-Pd catalysts showed better performance than Pt 
catalysts for CO [4,5,10,13] and hydrocarbon oxidations [10,14,15]. For 
NO oxidation, bimetallic Pt-Pd usually showed lower conversion than 
monometallic Pt counterparts due to a lower number of Pt active sites 
[3,10,16–18]. Bimetallic Pt-Pd catalysts also showed better resistance to 
sulfur poisoning than their monometallic counterparts [16,19]. There-
fore, understanding the effect of Pt/Pd ratios on the activity of the 
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bimetallic Pt-Pd catalysts is essential in the design of the DOC. Some 
papers have reported the effect of Pt/Pd ratios on the activity of the 
Pt-Pd bimetallic catalysts for a DOC [3,5,8,18,20,21]. Recently, Kang 
and co-workers investigated the effect of Pt-Pd ratios for Pt-Pd/Al2O3 
catalysts on the oxidation of CO and mixed hydrocarbons (C2H4, C2H6, 
alkane C6H14, and aromatic C7H8) and stated that there was not one 
optimum ratio that gave the best oxidation performance for all of the 
multiple components in the gas mixture. The results of the experiments 
with simple feed might not be directly correlated to those from the ex-
periments with a complex mixture [22]. All of the studies of bimetallic 
Pt-Pd have been focused on alumina supports [3,5,8,18,20,21], 
silica-doped alumina [15], and ceria-doped alumina [23]. The use of 
zeolites as supports for DOC has been rarely reported in the literature, 
although some patents claimed the use of ZMS-5 and beta zeolites for 
DOC [24,25]. Zeolites are widely studied for exhaust gas treatment 
systems such as passive NOx adsorbers (PNAs) [26–28] and methane 
oxidation [29,30]. Zeolite Beta (BEA) and ZSM-5 have been proposed as 
effective supports for DOC [27]. In our previous study, we found that the 
use of beta zeolite as a support, in particular the one with high 
silica-alumina ratios, can enhance the oxidation performance of the DOC 
[31]. Especially, Pt/BEA was the promising catalyst in terms of the 
oxidation activity and sulfur regeneration, because it exhibited better 
performance than the benchmark Pt/Al2O3 and other zeolite-based 
catalysts (Pt/ZSM-5 and Pt/Y) for CO, NO, C3H6, and C3H8 oxidation 
[32]. 

However, to the best of our knowledge, there are no reported studies 
where the effect of combining Pt and Pd on highly silicious zeolites used 
for DOC applications is presented, which is the objective of the current 
study. This study investigates the effect of the Pt/Pd ratio on the phys-
icochemical properties, oxidation activity, and sulfur poisoning resis-
tance of the catalysts in the treatment of emissions from diesel engines. 
Two aspects were mainly the focus including (i) the oxidation activity 
for CO, NO, and hydrocarbons (C3H6 and C3H8) and (ii) the sulfur 
resistance and regeneration ability of the catalysts. Various character-
ization techniques were employed including ICP-SFMS, XRD, TEM, N2 
physisorption, CO chemisorption, XPS, CO-TPR, O2-TPO, and DRIFTS, to 
correlate the structure-activity with the catalysts for the oxidation re-
actions as well as sulfur interaction/regeneration. 

2. Experimental section 

2.1. Catalyst preparation 

A commercial beta zeolite (CP811C300, H+ form) purchased from 
Zeolyst was used as the support for the preparation of the catalysts. The 
silica-alumina ratio (SiO2/Al2O3) determined by elemental analysis 
(ICP-SFMS) was approximately 217 [32]. The zeolite was calcined at 
550 ◦C for 6 h and denoted as H-BEA. Pt(NO3)4 (15 wt% Pt) and Pd 
(NO3)2 (10 wt% Pd) from Alfa Aesar were used. Five catalysts with 
different loadings of Pt and Pd were prepared using an incipient 
impregnation method. Firstly, 2 wt% Pt/BEA and 1.1 wt% Pd/BEA 
which have the same total molar number of Pt and Pd were prepared 
using the same protocol described in our previous work [32]. The cat-
alysts were dried in air at 80 ◦C for 24 h and then calcined at 550 ◦C for 2 
h with a heating rate of 5 ◦C min− 1. These two monometallic catalysts 
were denoted as Pt1 and Pd1, respectively. The other three catalysts 
contained the same total molar amount of noble metals, but with 
different molar ratios of Pt/Pd = 3/1, 1/1, and 1/3. These samples were 
prepared using a sequential impregnation step, first with Pd and then Pt 
as reported in the previous study [16]. The catalysts were denoted as 
Pt3Pd1, Pt1Pd1, and Pt1Pd3, respectively. It should be noted that be-
tween the two impregnation steps, the samples were dried and calcined 
under the same conditions as used for the monometallic catalysts. 

Approximately 500 ± 10 mg powder of each material was coated on 
the honeycomb monolith (Cordierite, Ø = 21 mm, L = 20 mm) with a 
dip-coating method using a mixture of ethanol and water as solvent. 

Detailed information for the preparation of the monoliths can be found 
elsewhere [16]. 

2.2. Characterization techniques 

All the as-prepared powder materials were degreened and pretreated 
(Section 2.3.1) before the characterization experiments. The catalysts 
were characterized with X-ray diffraction (XRD), N2 physisorption, CO 
chemisorption, CO-TPR, O2-TPO, X-ray photoelectron spectroscopy 
(XPS), and high-resolution transmission electron microscopy (HRTEM), 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). 
The compositions of the as-prepared catalysts were determined with 
elemental analysis using inductively coupled plasma sector field mass 
spectrometry (ICP-SFMS). Details on the methods and the instruments 
for each technique can be found elsewhere [16]. 

XRD analysis was performed using a D8 Advance Diffractometer 
(Bruker AXS, Germany, Cu Kα radiation). The pattern was recorded over 
the 2θ range of 5–60◦ with a step size of 0.02◦ and a step time of 1 s. Cell 
parameter (a) was calculated using Eq. (1) for a cubic structure: 

a =
λ

2sinθ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + l2 + k2

√
(1)  

where λ is the X-ray wavelength (0.15406 nm for Cu Kα), θ is the Bragg 
angle, and h,k, and l are the Miller indices of the planes. Lattice pa-
rameters of each sample were calculated for two planes Pt(111) and Pt 
(200) and an average value was reported. 

High-resolution transmission electron microscopy (HRTEM) images 
were recorded using an FEI Titan 80–300 with high-angle annular dark- 
field (HAADF) and energy dispersive spectroscopy (EDS). From TEM 
images taken at different locations, 179, 360, and 444 particles were 
counted for the samples Pt1, Pt1Pd1, and Pd1, respectively. The average 
particle sizes and distributions were processed using ImageJ software. 

Temperature-programmed reduction with CO (CO-TPR) and 
temperature-programmed oxidation with O2 (O2-TPO): A sequential 
measurement of the 1st CO-TPR, O2-TPO, and the 2nd CO-TPR was 
performed using a calorimeter (Setaram Sensys) coupled with a mass 
spectrometer (Hidden HR20). Approximately 30 mg of sieved catalyst 
(particle size of 0.18–0.25 mm) was placed in a fixed-bed quartz reactor 
(I.D. 4 mm). The catalyst was heated to 300 ◦C for 30 min (temperature 
ramp 5 ◦C min− 1) in Ar (20 mL min− 1) and then cooled to 25 ◦C in the 
same gas flow. The gas was subsequently switched to a flow of 
20 mL min− 1 of 1000 ppm CO in Ar. The temperature was subsequently 
ramped from 25 to 600 ◦C with a rate of 10 ◦C min− 1 and held at 600 ◦C 
for 1 h. CO consumption was monitored by the mass number m/z = 28. 
After that, the catalyst was cooled down to 25 ◦C in Ar (20 mL min− 1). 
When the temperature was stable at 25 ◦C, a gas containing 500 ppm O2 
in Ar (20 mL min− 1) was introduced to the reactor. The O2-TPO mea-
surement was performed with increasing temperature from 25 to 500 ◦C 
(10 ◦C min− 1) and held at 500 ◦C for 30 min. Oxygen consumption was 
monitored by the mass number m/z = 32. After that, the catalyst was 
cooled down to 25 ◦C in Ar (20 mL min− 1). When the temperature was 
stable at 25 ◦C, the second CO-TPR measurement was repeated under 
the same condition as the first. 

2.3. Catalytic tests 

The activity tests were performed with a coated monolith in a flow 
reactor system. The flow reactor consisted of a horizontal quartz tube, 
which was 2.1 cm in inner diameter and 78 cm long. The temperature 
was controlled with a Eurotherm temperature controller and the gas and 
water flow were regulated with Bronkhorst® mass flow controllers and 
Bronkhorst® CEM system, respectively. The outlet gases were measured 
with a MultiGasTM 2030 FTIR from MKS. 
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2.3.1. Degreening and pretreatment 
Before doing the activity test, the catalysts were stabilized by expo-

sure to degreening and pretreatment steps (see Table 1). 

2.3.2. Activity experiments, sulfur poisoning, and regeneration 
A sequential experiment was performed for each catalyst, which 

resulted in 68 h of time-on-stream as described in Table 1. 
The conversion of each component was calculated using Eq. (2):  

X (%) = (Cin – Cout)/Cin*100 (%)                                                       (2) 

The concentration of N2 produced from the reduction of NO with 
hydrocarbon was calculated based on the nitrogen mass balance using 
Eq. 3:  

CN2 = (Cin, NO - Cout, NO - Cout, NO2 - 2*Cout, N2O)/2                             (3) 

in which Cin and Cout are the inlet and outlet concentrations of each 
component. 

3. Results and discussion 

3.1. Characterization of the catalysts 

The Pt and Pd content of the five catalysts measured by ICP-SFMS are 
shown in Table 2. The total noble metal contents were in a range of 
99–119 µmol g− 1. The molar ratios of Pt:Pd were 2.5:1.0, 1.1:1.0, and 
1.0:3.2, for Pt3Pd1, Pt1Pd1, and Pt1Pd3, respectively. These ratios were 
slightly deviated from the theoretical values due to a deviation in the 
assay of the noble metal precursors. The impregnation with such a low 

loading does not significantly alter the porosity of the catalysts. All five 
samples had similar specific surface areas of 598–601 m2 g− 1, which was 
only lesser than that of the H-BEA parent zeolite by about 4.5 %. 

The XRD patterns of the different zeolite-supported PtPd catalysts 
after the degreening (at 700 ◦C) and a pretreatment step (500 ◦C) are 
shown in Fig. 1. The XRD pattern of the Pd1 catalyst exhibited two peaks 
of PdO (ICDD2020, PDF #041–007–6608) at 34.7 and 54.7◦, corre-
sponding to PdO(101) and PdO(112), respectively [10]. The first peak at 
34.7◦ partially overlapped with the peak at around 34.4◦ of the zeolite 
support. The second peak at 54.7◦ almost disappeared in the patterns of 
the bimetallic samples which could be associated with a decrease in Pd 
loading or a transformation of PdO into PdPt alloy in the bimetallic 
samples. The pattern of Pt1 catalyst had two intense peaks related to Pt 
(ICDD2020, PDF #01–070–2057), apart from the reflections of the 
zeolite support (Fig. 1). These peaks were at approximately 39.7 and 
46.1◦ which refer to the reflections of Pt(111) and Pt(200), respectively. 
It is noted that these peaks were shifted to higher diffraction angles in 
the cases of bimetallic PtPd samples, and the shifts increased with the 
increment of the Pd amount (Fig. 1b). This trend agrees with those re-
ported in the literature [33]. We note that the diffractions of the zeolite 
support were not shifted as the diffractions of Pt were. Therefore, the 
shifts of the reflections of Pt suggest the formation of the PtPd alloys on 
the bimetallic samples, leading to a reconstruction of the Pt structure 
[14]. To verify this point, we calculated the cell parameters for a cubic 
structure of Pt for the two planes Pt(111) and Pt(200), and the average 
values of cell parameters are plotted in Fig. 1d. The Pt1 sample had a 
lattice constant of 3.927 Å which was similar to the one reported in the 
literature [34]. The values of lattice constants decreased steadily with an 
increase in the Pd loading, e.g. the value was 3.903 Å for the Pt1Pd3 
catalyst. Both metallic Pt and Pd have the same phase of face-centered 
cubic (fcc) but Pd has a smaller lattice constant (3.89 Å) than that of 
Pt (3.92 Å) [34]. The small lattice mismatch between Pt and Pd, 
therefore, accounted for a contraction of the lattice constants of the 
bimetallic PtPd samples. 

The TEM images and particle size distributions are shown in Fig. 2, 
while the average sizes of the particles are summarized in Table 2. 
Several images were used to determine the particle size distribution and 
179, 360, and 444 particles were counted for Pt1, Pt1Pd1, and Pd1, 
respectively. The Pd1 catalyst had an average particle size of approxi-
mately 12.4 ± 5.3 nm (Fig. 2f) which was slightly smaller than that of 
the monometallic Pt1 sample (15.4 ± 4.3 nm, Fig. 2b), which is 
consistent with our previous study with Pt and Pd supported on Al2O3 
[16]. This is due to better resistance for sintering of Pd than Pt during the 
high-temperature degreening (700 ◦C). Bimetallic catalysts, e.g. Pt1Pd1, 
had an average size of the particles of approximately 14.0 ± 7.8 nm 
which was in between the Pd1 and Pt1 samples. HRTEM with EDS 
mapping was conducted and the results of the elemental mapping of the 
Pt1Pd1 sample are shown in Fig. 3. Inspecting the Pd and Pt particles in 
the EDS mapping shows a clear overlap, indicating the formation of a 
PtPd alloy, which is consistent with the XRD results (Fig. 1). In the 
literature, the formation of such PtPd alloys improved the sintering 
resistance of Pt with the addition of Pd on the alumina support [16,33, 
35], which agrees with our findings. 

CO chemisorption experiments were performed to obtain further 
information about the particle sizes of the catalysts. Table 2 shows the 
amounts of CO adsorbed and the average noble metal particle size. The 
particle size was increasing in the order Pt1Pd3 (6.8 nm) < Pd1 
(10.4 nm) < Pt3Pd1 (11.1 nm) ≈ Pt1Pd1 (11.6 nm) < Pt1 (15.6 nm). 
This confirms the improvement of the sintering resistance of Pt with the 
addition of Pd, as also was observed with TEM (Fig. 2). 

The oxidation states of Pt and Pd species play an important role in the 
activity of the DOC catalysts and XPS measurements were therefore 
performed. Fig. 4 displays the XPS spectra of the Pt4f and Pd3d core 
levels of the catalysts. Detailed information on the binding energy and 
the amount of each oxidation state are summarized in Table 3. The Pt1 
catalyst shows the peak position of Pt4f7/2 at 71.9 eV which was similar 

Table 1 
Experiment procedure and reaction conditions.  

Step Experiment Conditions 

1 Degreening (i) 2 % H2 and 5 % H2O in Ar for 30 min at 500 ◦C; (ii) 
500 ppm NO, 8 % O2 and 5 % H2O in Ar for 2 h at 700 ◦C 

2 Pretreatment 500 ◦C: i) 10 % O2 and 5 % H2O in Ar for 15 min; ii) 5% 
H2O in Ar for 15 min; iii) 1 % H2 and 5 % H2O in Ar for 
15 min; iv) 5 % H2O in Ar for 15 min; and v) 10 % O2 and 
5 % H2O in Ar for 15 min 

3 Test T1 2 cycles from 120 to 500 ◦C (heating rate 10 ◦C min− 1) in 
a gas mixture of 500 ppm NO, 1000 ppm CO, 
500 ppm C3H6, 500 ppm C3H8, 10% O2, and 5 % H2O in 
Ar 

4 Pretreatment The same as Step 2 
5 Test T2 Pt1, Pt3Pd1, Pt1Pd1, and Pt1Pd3 catalysts: 250 ◦C for 

10 h in 500 ppm NO, 10 % O2 and 5 % H2O in Ar 
Pd1 catalyst: 250, 300, 350, 400, 450 ◦C and 2 h for each 
temperature 

6 Pretreatment The same as Step 2 
7 Test T3 (T- 

step) 
7 temperature points from 150 to 450 ◦C (50 ◦C interval) 
and 30 min for each point in the same gas mixture as test 
T1 

8 Reduction At 600 ◦C in 2 % H2 in Ar for 30 min 
9 Test T4 (T- 

step) 
7 temperature points from 150 to 450 ◦C (50 ◦C interval) 
and 30 min for each point in the same gas mixture as test 
T1 

10 Sulfur 
poisoning 

200 ◦C for 4 h in 20 ppm SO2, 500 ppm NO, 1000 ppm 
CO, 500 ppm C3H6, 500 ppm C3H8, 10 % O2 and 5 % H2O 
in Ar 

11 Test T5 (T- 
step) 

7 temperature points from 150 to 450 ◦C (50 ◦C interval) 
and 30 min for each point in the same gas mixture as test 
T1 

12 Regeneration 
R1 

At 600 ◦C for 30 min in the same gas mixture as test T5 

13 Test T6 (T- 
step) 

7 temperature points from 150 to 450 ◦C (50 ◦C interval) 
and 30 min for each point in the same gas mixture as test 
T1 

14 Regeneration 
R2 

At 600 ◦C 2 % H2 in Ar for 30 min 

15 Test T7 (T- 
step) 

7 temperature points from 150 to 450 ◦C (50 ◦C interval) 
and 30 min for each point in the same gas mixture as test 
T1  

P.H. Ho et al.                                                                                                                                                                                                                                    



Journal of Environmental Chemical Engineering 10 (2022) 108217

4

to that of Pt4f7/2 reported in the literature for zeolite-supported Pt [36, 
37], or silica-supported Pt catalysts [38]. The Pt1Pd3 sample had the 
same BE of Pt4f7/2 as the Pt1, while the Pt3Pd1 and Pt1Pd3 exhibited 
lower BEs, at 71.5 and 71.7 eV, respectively. The major part of the Pt has 
oxidation states between 0 (71.0 eV) and + 2 (72.5 eV) [38]. In addi-
tion, the presence of some Pt+4 which usually shows binding energy at 
approximately 74.5 – 74.9 eV [39] could be identified. However, it 
should be noted that the overlap between the binding energy of the Pt4f 
and Al2p core levels [40,41] makes the analysis difficult. A careful 
analysis of Pt4f core level for each sample was performed with a 
consideration of the overlap between the binding energy of Al2p and 
Pt4f [40]. An estimation of the fraction of each oxidation state are re-
ported in Table 3. In the monometallic Pt1 sample, Pt+2 was the domi-
nant oxidation state (83.3 %) while Pt0 and Pt+4 were lesser than 10 % 

for each fraction. In the bimetallic catalysts, the oxidation state of Pt was 
strongly influenced by the loading of Pd. The relationship between the 
fraction of Pt0 and Pd loading exhibited a volcano relationship with a 
maximum of Pt0 fraction around 38.5 % in the Pt3Pd1 sample (25 % Pd). 
The fraction of Pt+2 and Pt+4 mostly followed a reverse trend with the 
Pt0. It is also noted that for XPS measurements using a monochromatic 
Al Kα source (1486.6 eV) only the surface layer of zeolite, determined by 
the electron mean free path (EMFP) of approximately 4 nm, contributed 
to the XPS signal [41]. Consequently, the XPS data confirmed the 
presence of Pt oxides only a few nanometers from the surface of the 
catalyst. This could be the reason that no oxide phase was detected by 
XRD in which the signal represented an average of the entire sample. 
Moreover, XRD cannot detect small particles (e.g. <2 nm) [15], and it is 
known that large Pt particles are more difficult to be oxidized. 

Table 2 
Physicochemical properties of the catalysts.  

Catalyst Pta 

/ wt% 
Pda 

/ wt% 
Pt:Pd molar ratio SBET 

/ m2 g− 1 
Sexternal 

/ m2 g− 1 
Vpore 

/ cm3 g− 1 
TEM particle size / nm COb 

/ µmol g− 1 
CO/ (Pt+Pd)b 

/ molar ratio 
Particle sizeb/ nm 

Pt1c 2.24 – 1:0 598 171 0.33 15.4 ± 4.4 8.0 ± 0.3 0.070 15.6 
Pt3Pd1 1.66 0.36 2.5:1 600 172 0.33 – 9.5 ± 0.2 0.080 11.1 
Pt1Pd1 1.14 0.57 1.1:1 601 173 0.34 14.0 ± 7.8 7.4 ± 0.5 0.066 11.6 
Pt1Pd3 0.46 0.80 1:3.2 601 170 0.33 – 9.4 ± 0.2 0.095 6.8 
Pd1 – 1.18 0:1 600 170 0.34 12.4 ± 5.3 6.0 ± 0.5 0.054 10.4 
H-BEA – – – 628 168 0.34 – – – –  

a Determined with ICP-SFMS. 
b Determined with CO chemisorption measurements and the size for a spherical particle. 
c Data was cited from our previous work [32]. 

Fig. 1. a) XRD patterns of H-BEA zeolite support and Pt-Pd/BEA catalysts with different Pt/Pd ratios; b) The enlargements of the Pt(111) reflection; c) The en-
largements of the main reflection of beta zeolite, and d) Relationship between the amount of Pt (%) and the lattice parameter (Å). 

P.H. Ho et al.                                                                                                                                                                                                                                    



Journal of Environmental Chemical Engineering 10 (2022) 108217

5

Therefore, it is not surprising the XRD showed only a metallic phase 
[40]. 

By contrast to the Pt1, only Pd+4 surface species were found on the 
Pd1 sample with a peak around 337.5 eV [39]. Higher resistance for 
oxide formation on Pt than Pd can explain the presence of some metallic 
Pt in the Pt1, but only Pd+4 in the Pd1 sample. In bimetallic samples, the 
peaks of Pd3d were slightly shifted to lower binding energies. These 
peaks were deconvoluted into two peaks at approximately 337.5 and 
335.8 eV, which were assigned to Pd+4 and Pd+2, respectively [39]. The 
loadings of Pt influenced the oxidation state of Pd species in the bime-
tallic catalysts. A higher ratio of Pt induced the formation of a higher 
fraction of Pd+2 than the Pd+4. For example, the bimetallic Pt1Pd3 
sample (25 % mole of Pt) had a fraction of Pd+4 of approximately 88 % 
(Table 3). When increasing the Pt ratio to 75 % in the sample Pt3Pd1, the 
Pd+4 fraction dropped to 20 %. In summary, the XPS data suggested that 
the addition of Pd into Pt could inhibit the further oxidation of the 
surface species of both Pt and Pd, e.g. decreasing the fraction of surface 
Pt+4 and Pd+4 species due to the formation of PtPd alloy as evidenced by 

XRD. 
Sequential measurements of CO-TPR, O2-TPO, and CO-TPR were 

performed to investigate the reduction and oxidation properties of the 
catalysts (Fig. 5). The first CO-TPR profile of the Pd1 had three peaks 
(Fig. 5a). The first one was a positive weak peak at around 65 ◦C due to 
the desorption of the weakly adsorbed CO molecules. This peak was 
observed for all samples, even in the second CO-TPR cycle (Fig. 5c). Two 
negative peaks at approximately 256 ◦C and 600 ◦C (isothermal zone) 
were observed and we assigned them to the consumption of CO by the 
reduction of small and large particles of PdO, respectively. This 
assignment is consistent with the assignment by Luo et al. [42], who 
studied Pd/CeO2, although their CO reduction occurred at lower tem-
peratures compared to our results. 

After the first CO-TPR cycle, the catalyst was purged with Ar, cooled 
to 25 ◦C, and the O2-TPD was thereafter performed. The O2-TPD profile 
of the Pd1 exhibited two negative peaks, one weak peak at 85 ◦C and 
another strong peak at 365 ◦C due to the re-oxidation of the metallic Pd 
formed during the first CO-TPR cycle. The second CO-TPR profile for 

Fig. 2. TEM micrographs (a, c, e) and particle distributions (b, d, f) of Pt1, Pt1Pd1, and Pd1 catalysts. Data for the Pt1 sample (Fig. 1b) was reproduced from 
reference [32]. 
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Pd1 (Fig. 5c) had a similar shape as the first CO-TPR, except that the 
third peak at 600 ◦C almost disappeared. The disappearance of the high- 
temperature peak indicated that there were almost no large PdO parti-
cles after the first cycle of CO-TPR and O2-TPD. This could be explained 
by the redispersion of Pd species during the reduction with CO and re- 
oxidation with O2 during the first CO-TPR and O2-TPD, respectively, 
as reported in the literature [43]. 

The reduction-oxidation behavior of Pt is different from Pd. The first 
CO-TPR profile of the Pt1 catalyst showed one peak of CO consumption 
at 600 ◦C (Fig. 5a). This peak was similar to the high-temperature peak 
of the Pd1 catalyst and was assigned to the reduction of PtO particles. Pt 
has better oxidation resistance than Pd and it is hardly oxidized in O2 up 
to 500 ◦C [44]. Indeed, the O2-TPD profile showed almost a flat curve 
from 100 ◦C to 500 ◦C, indicating no consumption of O2 up to 500 ◦C 
(Fig. 5b). A small peak at around 95 ◦C was likely due to the chemi-
sorption of O2 on the Pt particles (Fig. 5b). Since Pt was barely oxidized 
during the O2-TPD, no consumption of CO was observed in the second 
CO-TPR experiment (Fig. 5c). 

All three bimetallic PtPd samples had similar profiles for CO-TPR and 
O2-TPD, suggesting that they had similar properties in the reduction- 
oxidation. Moreover, the CO-TPR and O2-TPD profiles for these bime-
tallic samples are similar to those of the Pt1 rather than the Pd1. For 
example, the O2-TPD profiles showed a flat profile without a peak at 
around 365 ◦C while the second CO-TPR profile displayed only a 
negligible peak at around 600 ◦C. This indicated that the metallic par-
ticles in the bimetallic samples were more difficult to oxidize during the 
O2-TPO. Therefore, it can be concluded that in the bimetallic samples 
the formation of PtPd alloy inhibited the reoxidation of PtPd particles 

and subsequently retained these particles in a high fraction of the 
metallic form. 

DRIFTS measurements using CO as a probe molecule were performed 
to investigate the characteristics of the Pt and Pd species. Fig. 6 presents 
the spectra of adsorbed CO on monometallic and bimetallic Pt-Pd/BEA 
catalysts. Pt/BEA catalyst had two distinct bands, a sharp strong band 
at 2098 cm− 1 and a broad weak band at 1945 cm− 1. The former can be 
assigned to linear-bonded CO on large Pt particles [45]. The latter was 
attributed to either the carbonyl complex Pt3(CO)6

2- [46] or the 
adsorption of CO in the bridged coordination [47]. Similar bands as 
those at 2098 and 1945 cm− 1 were also observed on Pd/BEA and could 
be interpreted similarly. In addition, the spectrum of the Pd/BEA sample 
showed four other bands at 2153, 2135, 2118, and 2077 cm− 1. The band 
at 2077 cm− 1 was assigned to linear CO adsorbed on metallic Pd 
(Pd0-CO) like the band at 2098 cm− 1, and the slight shift could be due to 
different particle sizes [48,49]. The bands at 2135 and 2118 cm− 1 were 
assigned to CO adsorbed on Pd2+ and Pd+ [43,50]. The spectra of 
adsorbed CO on the bimetallic Pt-Pd samples not only included the su-
perpositions of the two corresponding monometallic Pt and Pd samples 
but also had some other characteristic features. For example, the peak 
around 2135 cm− 1 slightly decreased in intensity and a new shoulder 
appeared at 2125 cm− 1 in the Pt3Pd1 sample. This indicated a decrease 
in the amount of CO adsorbed as Pd2+-CO and an increase in the number 
of Pd+-CO. Thus, the result well agreed with the XRD data, where more 
Pd species existed in the reduced form due to the formation of the Pt-Pd 
alloy. 

3.2. Activity measurements 

3.2.1. Cycle tests 
Fig. 7 presents the conversions of CO, NO, C3H8, and C3H6 on the 

catalysts with different ratios of Pt/Pd during two consecutive cycles. 
The temperatures at which 50 % of CO, C3H8, and C3H6 were converted 
on each catalyst, T50, are summarized in Table 4 and also shown in  
Fig. 8. 

3.2.1.1. CO oxidation. For the monometallic catalysts, Pd1 was less 
active for CO oxidation than Pt1 in the first cycle test, with temperatures 
for 50 % conversion (T50) of 248 and 171 ◦C, respectively. The CO 
conversion profile for Pt1 was shifted to a higher temperature in the 
second cycle whereas a reverse trend was observed on the Pd1 sample 
(Fig. 7a). As a result, the difference in T50 between the second and the 
first cycle test was +44 and − 43 ◦C for the Pt1 and the Pd1 catalyst, 
respectively. These trends for the CO conversion profiles were similar to 
those for the same types of catalysts (Pt/BEA and Pd/BEA) prepared by a 
wet impregnation route reported in our previous work [31]. In the 
second cycle, the Pd1 catalyst had a T50 of 205 ◦C, which was lower than 
the T50 for the Pt1 catalyst (215 ◦C). However, the Pd1 catalyst reached 
a full conversion of CO at around 260 ◦C which was approximately 15 ◦C 
higher than that of the Pt1 catalyst (full CO conversion at 245 ◦C). These 
results suggest that Pt1 was more active than the Pd1 catalyst for CO 
oxidation under the reaction conditions in this study. Furthermore, in 
our previous work, we found that the T50 of the second cycle was 206 
and 245 ◦C for the Pd1 and Pt1, respectively, which were prepared by 
wet impregnation instead of incipient impregnation [32]. Both samples 
of the Pd1 had similar T50 values regardless of the preparation method 
whereas the Pt1 prepared with the incipient impregnation showed a 
substantially lower T50 value than the one prepared by wet impregna-
tion. This indicates that the preparation method was more sensitive for 
Pt than Pd supported on zeolites. 

Dubbe et al. [51] have observed a decrease in CO conversion be-
tween two cycles for a Pt/Pd DOC and suggested that this could be 
related to three main factors including a change in the oxidation state of 
the nobles metals, CO self-poisoning, and the interference by C3H6. We 
also observe a decrease in the CO conversion between the first and the 

Fig. 3. Elemental mappings of the Pt1Pd1 catalyst.  
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second cycle for the monometallic Pt1 and we hypothesize that after the 
pre-treatment the Pt sites of the Pt1 catalyst are fresh and free and 
therefore CO oxidation can occur at low temperature in the first cycle. 
However, during the first cycle, the conversion of C3H6 might produce 
different adsorbed hydrocarbon species on the catalyst surface and 
partially block the available sites for CO. This could explain the inflec-
tion observed in the first cycle. During the cooling step in the reaction 
mixture after the first cycle, the hydrocarbon species left on the surface 
of the catalyst suppressed the CO conversion. As a result, the 

low-temperature activity of CO oxidation is no longer visible, which was 
accompanied by the disappearance of the inflection. Moreover, it is also 
possible that the Pt sites might be partially oxidized during the first 
cycle, and this might also be a reason for the lower CO conversion in the 
second cycle. 

For the Pd1 catalyst, the second cycle exhibited better CO conversion 
than the first cycle. This trend is contrasting with the CO conversion on 
both the Pt1 and Pd/Al2O3 under the same reaction conditions [16]. 
However, we noted that this phenomenon was observed for the three 

Fig. 4. The XPS spectra for a) Pd and b) Pt species, and c) the relationship between the fraction of noble metal species on the surface versus the Pd loading in the Pt- 
Pd samples. The scattered symbols in (a) and (b) indicate the original data. Note that the y-xis of every layer in each graph (a and b) was plotted with the same scale. 
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Pd/BEA catalysts with different SiO2/Al2O3 ratios (41, 217, and 501) 
[31]. Furthermore, the difference in CO conversion only occurred be-
tween the first can the second cycle while almost no difference in CO 
conversion was observed for all cycles from second to fifth [16,31]. 
Notably, the light-off temperatures of CO, NO, and C3H6 were quite close 
to each other in the first cycle but not for the second cycle (Fig. 7a). After 
the degreening and pretreatment step, the Pd might be in a high 
oxidation state, e.g. PdO2 as identified by XPS, which is not very active 
for the oxidation of CO, explaining a high light-off temperature of CO in 
the first cycle. This is supported by the fact that the reduced Pd1 catalyst 
exhibited a higher conversion of CO than the original one (see Section 
3.2.3). After the first cycle, it is possible that the Pd oxide with a high 
oxidation state, e.g. PdO2, was reduced by CO (1000 ppm) during the 
cooling step from 500 to 120 ◦C under the gas mixture. Reduction of Pd 
in Pd/SSZ-13 during exposure to CO has previously been observed in 
passive NOx adsorption experiments [52]. The Pd species with a more 
reduced state are more active and subsequently favored CO oxidation at 
low temperatures in the next cycle. 

All three samples containing bimetallic PtPd were more active for CO 
oxidation than the monometallic samples. The T50 values of the catalysts 
in the second cycle were Pt3Pd1 = Pt1Pd1 (172 ◦C) < Pt1Pd3 (182 ◦C) 
< Pd1 (205 ◦C) < Pt1 (215 ◦C). All three bimetallic samples had 

significantly lower T50 values than those of the monometallic samples, 
indicating the advantage of the bimetallic formulation for the DOC 
catalysts. The alloy of Pt-Pd in the bimetallic catalysts retained the 
metallic Pt particles and reduced Pd-PdOx species (Table 2), and this 
could explain the significant improvement in the CO oxidation 
compared to the monometallic catalysts. Although the trend is in line 
with the literature for Pt and Pd supported on Al2O3, the optimum Pt/Pd 
ratio is different. It has been reported for the alumina-based catalysts 
that a lower Pt/Pd ratio had a lower T50 value, because Pd was more 
active than Pt for CO oxidation [18,53,54]. In the present work, we have 
found that the samples with a higher Pt/Pd ratio showed a better per-
formance for CO oxidation. This could be related to the difference be-
tween the supports of the catalysts, namely, the high SAR zeolite in the 

Table 3 
Binding energy of Pt4f7/2 and The fraction of oxidation states for Pt and Pd on 
the surface of different Pt and Pd supported catalysts.  

Catalyst Pt4f7/2 / 
eV 

Pt+4 / 
% 

Pt+2 / 
% 

Pt0 / % Pd+4 / 
% 

Pd+2 / 
% 

Pt1  71.9 14.4 75 13.6 – – 
Pt3Pd1  71.5 19.3 44.5 36.2 20 80 
Pt1Pd1  71.7 17.4 58.1 24.5 42 58 
Pt1Pd3  71.9 25.5 59.5 15.0 88 12 
Pd1   – – – 100 0  

Fig. 5. a) The first CO-TPR, b) O2-TPO, and c) The second CO-TPR profiles of different catalysts.  

Fig. 6. DRIFT spectra of adsorbed CO species on monometallic and bimetallic 
Pt-Pd/BEA catalysts. 
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present work and the alumina in the literature. However, the influence 
of the reaction conditions could not be discarded, e.g. the water con-
tents. For example, beta zeolites with high SAR are more hydrophobic 
than alumina and hence the catalyst using the zeolite as support could be 
less sensitive to water than those using the alumina. 

3.2.1.2. NO oxidation/reduction. The conversion profiles for NO on the 
Pt1 catalyst were almost identical between the two cycles, suggesting a 
stable conversion of NO. The Pt1 catalyst showed a maximum NO con-
version of 76 % at 250 ◦C and T50 at 241 ◦C. Whereas the Pd1 catalyst 
was substantially less active than Pt1 with the maximum conversion of 
NO at approximately 16 % at 255 ◦C. Both Pt1 and the Pd1 catalysts in 
this study were more active than the Pt/Al2O3 and Pd/Al2O3 catalysts 
under identical reaction conditions as reported in our previous work 
[16]. For example, the Pt/Al2O3 reached the maximum conversion of 
NO at 60 % at 160 ◦C while the Pd/Al2O3 showed a conversion lower 
than 10 % at around 160 ◦C. 

The bimetallic catalysts exhibited maximum conversions of NO in 
the second cycle with an increasing order according to Pt1Pd3 (27 %) 
< Pt1Pd1 (46 %) < Pt3Pd1 (52 %) < Pt1 (76 %). In the literature, Pt is 
known to be more active than Pd for the oxidation of NO [2]. Therefore, 
the increase in the ratio of Pd in the bimetallic formulation led to a 
decrease in the maximum conversion of NO likely due to a lower number 
of Pt active sites. It should be noted that the NO conversion profiles of 
the bimetallic catalysts had a second peak at low temperatures unlike 
the Pt1 (Fig. S1a); however, these peaks coincided with the maximum 
concentration of N2O formation (Fig. S1b). Detailed information on the 
concentration profiles of NO, NO2, N2O, and N2 is given in Fig. S2. The 
data suggests that on the bimetallic catalysts, NO was reduced to both 
N2O and N2 by hydrocarbons at low temperature but it was oxidized to 
NO2 by oxygen at high temperature. It was also noted that the bimetallic 
catalysts with high loading of Pt (Pt3Pd1 and Pt1Pd1) were more active 
for the NO reduction reaction. These catalysts not only facilitated the 
formation of N2O at lower temperatures but also produced a slightly 
higher amount of N2O than the monometallic Pt1 catalysts. The reduc-
tion of NO to N2O by hydrocarbons, i.e. HC SCR, at low temperatures has 
been reported in the literature [55–57]. 

3.2.1.3. C3H6 oxidation. The trend in the activity of C3H6 oxidation was 
similar to CO oxidation. In the first cycle, the T50 values were 236 and 
252 ◦C for the Pt1 and Pd1, respectively. This trend was expected since 
Pt is generally more active than Pd for alkene oxidation [21]. In the 
second cycle, both catalysts showed similar T50 around 236–238 ◦C 
(Table 4). However, Pt1 showed full conversion of C3H6 at approxi-
mately 245 ◦C whereas the Pd1 reached 100 % conversion at 260 ◦C. All 
three bimetallic PtPd samples were more active than the monometallic 
Pt1 and Pd1 for C3H6 oxidation. The T50 values of the catalysts in the 
second cycle were in an increasing order Pt1Pd1 (181 ◦C) ≈ Pt3Pd1 
(183 ◦C) < Pt1Pd3 (197 ◦C) < Pt1 (236 ◦C) ≈ Pd1 (238 ◦C). For all 
catalysts, the conversion of C3H6 increased significantly when the CO 
conversion almost reached a full conversion due to the strong compet-
itive adsorption of CO with C3H6 on the active sites. Moreover, the 
temperature at which C3H6 reached full conversion almost coincided 
with the N2O peak (Fig. S1b), which could be related to the reduction of 
NO with C3H6. The best performance for C3H6 oxidation was found for 
Pt1Pd1 catalyst, which was consistent with the results reported by 
Hazlett et al. for the oxidation of single component C3H6 or a mixture of 
C3H6 and CO in an ideal condition (1500 ppm C3H6 (and 3000 ppm CO), 
8 % O2, and N2 balance) using Pt and Pd supported on alumina [13]. 
However, other trends have also been shown in the literature, for 
example, that a high Pt content was optimum in the presence of water in 
a simulated exhaust gas [3,8,18]. 

Fig. 7. Effect of Pt/Pd ratios on the conversion of CO, C3H6, NO, and C3H8 on 
Pt-Pd/BEA catalysts. Reaction conditions: GHSV = 22,520 h− 1 with a total flow 
of 2600 mL min− 1 of CO (1000 ppm), NO (500 ppm), C3H6 (500 ppm), C3H8 
(500 ppm), O2 (10 %), and H2O (5 %) balanced in Ar. 

Table 4 
T50 (◦C) of CO, NO, C3H8, and C3H6 for different catalysts.  

Gas Cycle Pt1 Pt3Pd1 Pt1Pd1 Pt1Pd3 Pd1 

CO 1st 171 177 166 191 248 
2nd 215 172 172 182 205 

NO 1st 241 – – – – 
2nd 241 – – – – 

C3H8 1st 350 452 402 361 358 
2nd 350 441 390 360 363 

C3H6 1st 236 187 180 209 252 
2nd 236 183 181 197 238  

Fig. 8. Temperature for 50 % conversion (T50) for CO, C3H6, and C3H8 for the 
catalysts with different Pt/Pd ratios. 
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3.2.1.4. C3H8 oxidation. C3H8 was more difficult to be oxidized than 
CO, NO, and C3H6 (Fig. 7). The oxidation of C3H8 on the Pt1 catalyst 
commenced instantly after the oxidation of CO, C3H6, and NO reached 
maximum conversions. The Pt1 catalyst had a T50 value for C3H8 
oxidation of around 350 ◦C and reached approximately 98 % conversion 
at 500 ◦C. Whereas the oxidation of C3H8 on the Pd1 catalyst started at a 
substantially higher temperature than the Pt1, with T50 at around 
363 ◦C, and Pd1 reached full conversion much more rapidly (at 405 ◦C 
for the second cycle). In the literature, Pt has been reported to be more 
active than Pd for C3H8 oxidation at low temperatures [58]. The Pt1Pd3 
catalyst showed very similar activity to Pd1, whereas the Pt3Pd1 cata-
lyst exhibited lower conversion than the Pt1. The Pt3Pd1 catalyst had a 
T50 of 440 ◦C and only reached 81 % conversion at 500 ◦C in the second 
cycle test. The Pt1Pd1 exhibited conversion between the two samples 
Pt3Pd1 and Pt1Pd3. The effect of Pt/Pd ratio on the oxidation of hy-
drocarbons has been reported for Al2O3 supported catalysts [3,8,18,22], 
but there is a lack of information for C3H8 in the literature. Kim and 
coworkers [11] have recently reported that the bimetallic Pt-Pd/Al2O3 
(Pt/Pd = 1/1 molar ratio) catalyst exhibited slightly better oxidation 
conversion for C3H8 than the monometallic Pd; however, the presence of 
0.3 % of H2 in the gas mixture (1500 ppm of C3H8, iso-C5H12, and C3H6, 
1 % CO, 500 ppm NO, 10 % O2, and 10 % H2O) made it difficult to 
compare with the present study. Moreover, there are according to our 
knowledge no studies in the literature that have examined the effect of 
the Pd/Pt ratio on high SAR zeolites used for DOC reactions, which has 
been reported in the current work. 

3.2.2. NO stability test 
NO stability tests were performed at 250 ◦C for 10 h and the results 

are shown in Fig. 9a. It should be noted that the tests were performed in 
the absence of CO and hydrocarbons to discard the interference of these 
components on NO conversion and thus NO was only oxidized without 
the reduction by CO/hydrocarbons. The Pd1 catalyst was almost inac-
tive for NO oxidation at 250 ◦C and the NO oxidation was therefore 
investigated from 250 to 450 ◦C for this sample. But the Pd1 catalyst 
exhibited low NO oxidation also at higher temperatures, e.g. only about 
9 % NO conversion at 400 ◦C. The Pt1 was the most active catalyst 
among the five tested. The maximum NO conversion for this catalyst was 
approximately 43 % and it was stable with time-on-stream. For the 
bimetallic catalysts, the NO conversions only declined during the first 3 
– 4 h and then stabilized for the rest of the experiment. At the end of the 
stability test, the conversion of NO was ranked in the order of Pt1Pd3 
(20 %) < Pt1Pd1 (29 %) < Pt3Pd1 (33 %) < Pt1 (43 %) (Fig. 9a). 

The NO conversion is plotted versus the molar ratio of Pt/(Pt+Pd) 
and the results are shown in Fig. 9b. It was observed that the NO con-
version increased linearly with the molar ratio of Pt/(Pt+Pd). This trend 
was consistent with the NO oxidation activity of the monometallic cat-
alysts since Pt1 exhibited a significant activity while the Pd1 catalyst 
was inactive for NO oxidation at 250 ◦C. However, it was interesting to 
note that after 10 h of time on stream the NO conversion for the Pt1 and 
Pt1Pd1 was about 43 % and 29 %, respectively. This meant that the NO 
conversion for the Pt1Pd1 was about 30 % lower than that of the Pt1 
catalyst, although the Pt loading of the former was only half of the latter. 
This suggests that the inclusion of Pd had a synergetic effect on the 
stability of the catalyst, likely related to the formation of the PtPd alloy 
(Section 3.1). The formation of the PtPd alloy created a larger fractions 
of Pd and Pt species with a lower oxidation state as seen by the XPS 
results (Fig. 4 and Table 3). Reduced Pt is more active for NO oxidation 
[40]. The Pd species were oxidized easier than the Pt species, which was 
observed from the O2-TPO profile, where the Pd species were reoxidized 
from around 230 ◦C (Fig. 5b). The fast reoxidation of the Pd species 
might account for the fast decline in the NO conversion over the bime-
tallic catalysts during the first period of the stability test. Furthermore, 
the formation of the PtPd alloy enhanced the oxidation resistance of the 
Pd and Pt species and the effect was more pronounced for the sample 
with high fractions of Pt. As a result, the samples with a higher fraction 

of Pt were deactivated more slowly over a longer time and subsequently 
exhibited better NO oxidation activity. 

3.2.3. Effect of H2 treatment 
The catalyst was pretreated after the NO oxidation stability test and 

subsequently tested at different temperatures from 150 to 450 ◦C (50 ◦C 
intervals and 30 min each step) in the complex gas mixture. After the 
first T-step test, the catalyst was reduced with 2 % H2 in Ar at 600 ◦C and 
the second T-step test was repeated to study the effect of H2 pretreat-
ment. The conversions over the whole range of temperatures are dis-
played in Fig. 10. The reduction with H2 influenced the conversion 
differently, depending on both the gas component and the catalyst. In 
general, the reduction pretreatment increased the activity of the Pd- 
based catalysts significantly more than the Pt ones. For example, after 
the reduction with H2, the Pd1 catalyst increased the conversions for all 
four gases, i.e. CO, NO, and C3H6 at 200 ◦C and C3H8 at 350 ◦C (compare 
the solid dark cyan line (Fig. 10a) and the dashed dark cyan line 
(Fig. 10b)), indicating an improvement of the catalytic activity of the 
Pd1 catalyst after the reduction. It was noted that NO was not converted 
on the Pd1 catalyst (without reduction pre-treatment) at 200 ◦C but it 
was reduced to N2O/N2 on the pre-reduced Pd1 catalyst at this tem-
perature (Fig. S3). These results suggest that metallic Pd is more active 
than the PdO in the reduction of NO. However, when the temperature 
was higher than 200 ◦C, the metallic Pd was re-oxidized and as a result, 
both the Pd1 and the pre-reduced Pd1 exhibited a similar activity for NO 

Fig. 9. a) NO conversion for different catalysts for 10 h of time-on-stream and 
b) the relationship between the NO conversion at the end of the stability test 
and the molar ratio of Pt in the bimetallic PtPd catalysts. Gas composition NO 
(500 ppm), O2 (10 %), and H2O (5 %) balanced in Ar. The temperature was 
250 ◦C for Pt-containing catalysts and from 250 to 450 ◦C for the Pd1 catalyst. 

P.H. Ho et al.                                                                                                                                                                                                                                    



Journal of Environmental Chemical Engineering 10 (2022) 108217

11

conversion (Fig. S3). 
For the Pt1 catalyst, the conversions of CO and NO were slightly 

improved but the conversion of C3H8 was similar or slightly lower after 
the reduction (compare the solid black curve (Fig. 10a) and the dashed 
black curve (Fig. 10b)). It was noted that for NO conversion, the Pt1 
catalyst was almost inactive at temperatures lower than 200 ◦C. Both NO 
oxidation to NO2 and NO reduction to N2O/N2 were catalyzed at 250 – 
300 ◦C whereas NO oxidation only occurred from 350 to 450 ◦C 
(Fig. S4). However, it was not possible to conclude the effect of H2 
reduction for C3H6 oxidation, because Pt1 exhibited full conversion at 
250 ◦C for both cases, before and after the reduction. The effect of H2 
reduction was not significant for the Pt1 catalyst because Pt existed 
mainly in metallic form as revealed from XRD; however, most of the 
surface was in the oxide phase according to the XPS data. For the 
bimetallic PtPd catalysts, the H2 reduction did improve slightly the 
conversion in some cases, e.g. C3H8, but the effect was not as significant 
as for the Pd1 catalyst, probably due to a higher fraction of metallic form 
in the PtPd alloy in these catalysts. All three bimetallic catalysts could 
reduce NO to N2O at 200 ◦C (Figs. S5–S7), behaving similarly to the pre- 
reduced Pd1 catalyst. Note that the Pt1 catalyst was not active for this 
reaction at 200 ◦C. Therefore, the results indicated that the active sites 
of the bimetallic catalysts for NO reduction at 200 ◦C were related to the 
metallic Pd in the PtPd alloy, which agreed with the XRD data. 

3.2.4. Sulfur poisoning at 200 ◦C and regeneration 

3.2.4.1. Sulfur poisoning. After the T-step tests, the reaction was kept at 
200 ◦C and then 20 ppm of SO2 was fed into the gas mixture for 4 h (see  
Fig. 11). The conversion of C3H8 is not shown because all samples were 
not active for C3H8 oxidation at 200 ◦C. The CO conversion on the Pt1 
catalyst decreased by about 6 % from 38.5 % to 32.5 % in the first 

45 min of SO2 exposure and then it gradually dropped to approximately 
29 % at the end of the poisoning step, and the conversion was not 
increased again after the SO2 was switched off (the black line, Fig. 11a). 
By contrast, for the Pd1 catalyst, the CO conversion dropped instanta-
neously from 66 % to 6 % in the first 8 min. After that, the conversion 
increased slightly to about 14 % in the next 35 min before declining 
again to about 1 % at 90 min of time-on-stream and remained constant 
until the end of the poisoning step. These observations showed that Pd is 
substantially more susceptible to sulfur poisoning than Pt as reported in 
the literature for alumina-based catalysts [16,59]. 

The Pt1Pd3 catalyst with a high ratio of Pd showed a similar 
behavior as the Pd1 catalyst; however, the conversion of CO was about 9 
% at the end of the poisoning step likely due to the contribution of the Pt 
active sites, and the conversion was slightly increased after the SO2 feed 
was stopped. The Pt1Pd1 and Pt3Pd1 exhibited similar behavior for CO 
conversion. Both Pt1Pd1 and Pt3Pd1 catalysts retained a full conversion 
of CO for the first 35 min and 45 min of the SO2 exposure, respectively. 
After that, the CO conversion declined quickly during the first 90 min of 
the poisoning step and this was followed by a gradual decrease. The 
conversion of CO was approximately 31 % and 24 % for the Pt3Pd1 and 
Pt1Pd1, respectively, at the end of the poisoning. The large decrease in 
the CO conversion for both bimetallic catalysts might be related to the 
fast poisoning of the Pd sites, which was similar to that of the Pd1 
catalyst. It should be noted that these catalysts were designed to have 
the same number of moles of noble metals. Interestingly, the Pt3Pd1 
showed a slightly higher conversion than the Pt1 at the end of the 
poisoning step although it had a lower amount of Pt active sites. 
Remarkably, the CO conversions increased fast after SO2 was removed 
from the feed gas for the bimetallic samples, containing PtPd alloy. 
These results suggest that the SO2 molecules interacted weakly with the 
Pd/Pt species in the PtPd alloy and hence they were easily removed from 

Fig. 10. The conversions of CO, NO, C3H8, and C3H6 on Pt-Pd/zeolites at 150–450 ◦C. The catalysts were pretreated a) without and b) with H2 prior to the activity 
test. Gas composition CO (1000 ppm), NO (500 ppm), C3H6 (500 ppm), C3H8 (500 ppm), O2 (10 %), and H2O (5 %) balanced in Ar. 
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these sites. This behavior is very different from the monometallic cata-
lysts. In the other words, the PtPd alloy showed more strengths for CO 
oxidation than the monometallic Pt under the SO2 poisoning conditions 
such as better initial conversion, similar conversion after the 4 h- 

exposure, and faster recovery in absence of SO2. 
Another interesting point was the temporary increase in the con-

version of CO with time-on-stream of SO2 exposure at 25 and 40 min for 
the Pt1Pd3 and Pd1 catalysts, respectively. We note that the sulfur 
poisoning step was performed right after the T-step test, where the 
samples were pre-treated by the reduction in H2. The formation of 
metallic Pd accounted for a substantial increase in the oxidation activity 
of the Pd1 for CO, NO, C3H8, and C3H6 as shown in Fig. 10. When 
comparing the CO conversion at 200 ◦C for the Pd1 catalyst, for 
example, the CO conversion at 200 ◦C was 1.9 %, 98.3 %, and 66.5 % in 
the T-step test after the catalyst had been treated in the lean condition, 
the reduction with H2, and before being exposed to 20 ppm of SO2, 
respectively (Fig. S8). This indicated that the metallic Pd species were 
only partially oxidized after the T-step test and the remaining high 
fraction of metallic Pd species resulted in a high conversion of CO before 
SO2 exposure. After the catalyst was exposed to SO2, the metallic Pd sites 
were probably interacting both with SO2 and with O2. The former 
caused a fast decline in CO conversion due to poisoning, while the latter 
led to an increase in the ratio of PdOx/Pd. It has been reported in the 
literature that an optimum PdOx/Pd ratio could have higher activity for 
CO oxidation than either PdOx or fully metallic Pd [60,61]. We, there-
fore, hypothesize that a certain ratio of PdOx/Pd with time-on-stream of 
SO2 exposure accounted for the local peak in the CO conversion of the 
Pd1 catalyst. Similar behavior was observed for the Pt1Pd3 catalyst, 
which could be explained in the same way due to the high fraction of Pd 
in this catalyst. We note that this phenomenon was not observed for 
Pt1Pd1 and Pt3Pd1 because both catalysts showed 100 % conversion of 
CO in the initial phase of the poisoning. 

For NO conversion, both Pd1 and Pt1Pd3 were quickly deactivated 
after being exposed to SO2 because these catalysts had a high content of 
Pd which was susceptible to SO2 poisoning (Fig. 11b). The Pt1 catalyst 
was not active for NO oxidation at 200 ◦C (the black curve) which was 
consistent with the data of the T-step test reported in Fig. 10. For the 
bimetallic catalysts containing high Pt content, i.e. Pt1Pd1 and Pt3Pd1, 
the duration before deactivation was prolonged; however, the conver-
sion of NO was lower than 5 % after 1 h of SO2 exposure to the catalysts. 
It was noted that NO was predominantly reduced rather than oxidized 
on the Pt1Pd1 and Pt3Pd1catalysts at 200 ◦C, and this led to forming 
approximately 35–45 ppm of N2O during the test (Fig. S8). 

The trend in the conversion of C3H6 was similar to CO oxidation for 
each catalyst (Fig. 11c); however, the impact of SO2 on the C3H6 
oxidation was more severe than for the CO oxidation. All catalysts 
exhibited a C3H6 conversion of less than 10 % after 1 h of SO2 exposure. 
The Pt1 catalyst was not active enough to observe the impact of SO2 
because the conversion of C3H6 was negligible at 200 ◦C, like that for the 
NO oxidation. The catalysts rich in Pd (Pd1 and Pt1Pd3) quickly drop-
ped in conversion whereas the Pt rich catalysts (Pt1Pd1 and Pt3Pd1) 
retained a high conversion (almost 100 %) for 35 and 45 min for Pt1Pd1 
and Pt3Pd1, respectively. A local peak in the conversion of C3H6 for Pd1, 
Pt1Pd1, and Pt1Pd3 was observed, similar to the case during CO 
oxidation. We also hypothesize that this change in the C3H6 conversion 
was due to variation of the PdOx/Pd ratio during the addition of SO2. 

3.2.4.2. Evaluation of SO2 impact and regeneration. During the 4-hour 
exposure to SO2 in the poisoning experiment at 200 ◦C, we monitored 
the online impact of SO2 on CO and C3H6 oxidation and NO oxidation/ 
reduction. The selected temperature was 200 ◦C to simulate the low 
temperature of the exhaust gas from diesel engines. However, the tem-
perature was not high enough to evaluate the impact of SO2 on the 
oxidation of C3H8. Consequently, a T-step test (150–450 ◦C, 50 ◦C in-
tervals, 30 min each step) was performed after the sulfur poisoning step 
to explore the impact of SO2 on the conversion of C3H8. After that, the 
catalyst was regenerated under two different conditions, namely, the 
lean reaction gas mixture at 600 ◦C, and the second regeneration was a 
reduction in 2 % H2 in Ar. Another T-step test was performed after each 

Fig. 11. Conversion profiles of CO, NO, and C3H6 for Pt-Pd catalysts during the 
SO2 exposure (20 ppm) at 200 ◦C for 4 h. Gas composition CO (1000 ppm), NO 
(500 ppm), C3H6 (500 ppm), C3H8 (500 ppm), O2 (10 %), and H2O (5 %) 
balanced in Ar. 
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regeneration step to evaluate the recovery of the catalyst. A full set of 
data is reported in the SI (Figs. S10–S13). The data for the Pt1 catalyst 
can be found in our earlier publication [32]. 

Due to the brevity, we selected a typical temperature for each gas 
component to compare the impact of SO2 as well as the efficiency of the 
regeneration process. The basis of the selection is that the conversion of 
the gas component should be high enough to but not reach 100 % at the 
selected temperature to observe the impact of SO2 and regeneration.  
Fig. 12 presents the conversion of CO at 150 ◦C, NO at 250 ◦C, C3H6 at 
200 ◦C, and C3H8 at 350 ◦C for each catalyst. The impact of SO2 is 
significantly different not only for each gas component but also for the 
Pt/Pd ratio (Fig. 12). In general, SO2 caused a decrease in the conversion 
of CO, NO, and C3H6. In the case of C3H8, the SO2 exposure promoted the 
conversion of C3H8 on the Pt1 and Pt3Pd1 catalysts whereas it caused a 
poisoning effect for Pt1Pd1, Pt1Pd3, and Pd1 catalysts (Fig. 12d). For 
monometallic catalysts, the Pd1 catalyst was more susceptible to SO2 
poisoning than the Pt1 and this trend is similar to the behavior of 
alumina-based catalysts in the literature [2]. For example, after the 
sulfur poisoning step, the Pd1 and the Pt1 lost 96 % and 67 % of the CO 
conversion at 150 ◦C, respectively (compare the green and the violet bar 
in Fig. 11a). A severe poisoning effect on the Pd1 was also observed for 
C3H6 oxidation with a decrement of 96 % in the conversion (Fig. 12c). 

NO was converted by both NO oxidation and NO reduction at 250 ◦C, 
which was associated with the formation of NO2 and N2O/N2, respec-
tively. Detailed profiles of NO2 and N2O concentration during this T-step 
test are shown in Fig. S14. At 250 ◦C, the effect of sulfur poisoning on 

NO conversion for the Pt1 and Pd1 catalysts was not significant 
(Fig. 12b). Furthermore, for C3H8 oxidation, the Pd1 lost 92 % of C3H8 
conversion while the Pt1 gained 11 % of the C3H8 conversion at 350 ◦C 
(Fig. 12d). The beneficial impact of SO2 on the oxidation of C3H8 has 
been reported in the literature for Pt/Al2O3 catalyst and Pt/BEA due to 
the enhancement of C3H8 adsorption/dissociation in the presence of 
sulfur [62–64]. This promotion effect was more pronounced for the 
Pt3Pd1 catalyst with an increment of 75 % of the C3H8 conversion. 
However, with the samples containing higher Pd ratios, the activity was 
decreased, e.g. 10 % and 77 % for Pt1Pd1 and Pt1Pd3, respectively. For 
the bimetallic catalysts, SO2 poisoning caused a significant decrease in 
the conversion of CO, NO, and C3H6. The loss of the activity for NO 
oxidation and/or reduction and C3H6 oxidation was more pronounced 
with an increase in the Pd content (Fig. 12b and c). In summary, for 
monometallic catalysts, Pd is more susceptible to SO2 than Pt and sub-
sequently, the bimetallic PtPd catalysts containing higher contents of Pd 
are also more sensitive to SO2 poisoning. Interestingly, a small fraction 
of Pd can stimulate the promotional effect of SO2 on C3H8 oxidation, e.g. 
the Pt3Pd1; however, increasing further the fraction of Pd caused a 
negative effect due to the sensitivity of Pd to SO2 poisoning. 

Regeneration in lean conditions is of large practical interest since the 
exhaust gas from diesel vehicles is lean. The first regeneration condition 
(R1) is therefore in a lean gas mixture at 600 ◦C. However, it is chal-
lenging to remove sulfur under lean conditions, and thus the second 
regeneration in rich conditions with H2 was also examined (R2). The 
recovery degree is reported in Table S1. The deactivation of the catalysts 

Fig. 12. Comparison of conversion of a) CO (150 ◦C), b) NO (250 ◦C), and c) C3H6 (200 ◦C), and C3H8 (350 ◦C) for different catalysts at different temperatures 
through T-step experiments after poisoning with SO2 at 200 ◦C: Lean conditions (before the treatment with H2, orange bar), reduced conditions (after the treatment 
with H2) and before SO2 addition (green bar), after SO2 addition (after S, violet bar), after regeneration in lean conditions R1 (yellow bar), and after regeneration 
with hydrogen R2 (blue bar). 
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during the exposure to SO2 could be related to either coverage of the 
metallic phase (Pt/Pd) with SO2 or the induced oxidation of Pt/Pd with 
SO2. In the case of Pd, the PdO phase can react with SO2 to form sulfite or 
sulfate which accounted for a faster deactivation of the Pd-based catalyst 
than the Pt counterparts [58,65]. Reduction with H2 (R2) was more 
efficient to regenerate the Pd1 catalyst for oxidation of CO, C3H6, and 
C3H8 than thermal treatment under the lean condition (R1) because it is 
more effective to remove sulfur in an H2 atmosphere. In addition, the 
metallic Pd species were more active than PdO for these reactions and 
this is another beneficial effect of R2 (Table S1). For the Pt1 and the 
bimetallic catalysts, both R1 and R2 efficiently regenerated the activity 
for the oxidation of NO and C3H6. However, R2 was more efficient than 
R1 to regenerate the Pt1 and the bimetallic catalysts for CO oxidation, 
which also was the case for Pt1Pd1 and Pt1Pd3 for C3H8. 

4. Conclusions 

A series of PtPd catalysts with different ratios of Pt/Pd supported on 
high siliceous BEA zeolite (SiO2/Al2O3 = 217) have been prepared by 
incipient impregnation, characterized, and tested as diesel oxidation 
catalysts. The alloy of Pt and Pd was formed in the cases of the bimetallic 
catalysts as indicated from XRD analysis. The particle sizes of the noble 
metals in the bimetallic samples (7–12 nm) after high-temperature 
degreening (700 ◦C) were slightly smaller than that of the Pt mono-
metallic catalyst (16 nm) because the Pt-Pd alloy prevented the sintering 
of the noble metal particles. Moreover, the formation of the Pt-Pd alloy 
retained more species of Pd in a lower oxidation state. All three bime-
tallic catalysts showed a significant improvement in the oxidation of CO 
and C3H6. These bimetallic catalysts also shifted the reduction of NO to 
lower light-off temperature, although the absolute values of the 
maximum conversions were lower than that for the monometallic Pt1 
due to a lower amount of Pt loading. For monometallic catalysts, Pt was 
more resistant to sulfur poisoning than Pd, which is consistent with the 
behavior of Pt/Al2O3 and Pd/Al2O3 catalysts, although the catalysts in 
the present work employed high siliceous beta zeolite as support. The 
bimetallic PtPd catalysts not only delayed the deactivation time by SO2 
but also retained better performance than the Pd1 throughout the 
poisoning period. Pt1 catalyst exhibited less deactivation for CO 
oxidation, but the initial activity prior to sulfur poisoning and also after 
was significantly lower than the bimetallic samples. Thermal treatment 
in lean conditions can regenerate the activity for NO and C3H6 oxidation 
on bimetallic catalysts but a reduction in H2 is necessary to recover the 
activity for CO and C3H8 oxidation. 
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V. Johánek, H. Unterhalt, G. Rupprechter, J. Libuda, H.-J. Freund, CO adsorption 
on Pd nanoparticles: density functional and vibrational spectroscopy studies, 
J. Phys. Chem. B 107 (2003) 255–264. 

[49] E.K. Dann, E.K. Gibson, R.A. Catlow, P. Collier, T. Eralp Erden, D. Gianolio, 
C. Hardacre, A. Kroner, A. Raj, A. Goguet, P.P. Wells, Combined in situ XAFS/ 
DRIFTS studies of the evolution of nanoparticle structures from molecular 
precursors, Chem. Mater. 29 (2017) 7515–7523. 

[50] K. Chakarova, E. Ivanova, K. Hadjiivanov, D. Klissurski, H. Knözinger, Co- 
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