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Abstract
The mitigation of cold-start emissions involves the development of passive  NOx adsorbers (PNA) systems that store  NOx 
at low temperature, being designed to release the trapped  NOx at higher temperatures, where downstream  NOx reduction 
catalysts are efficient. Pd-based zeolites (BEA, SSZ-13) with different SAR (Si-to-Al ratio) were used for PNA investiga-
tion, and Pd/Ce/Al2O3 catalyst was used as a reference for comparison. In this study,  NOx adsorption is investigated at low 
temperature (80 °C) and it is released during a temperature ramp (to 400 °C) under various gas feed composition. Moreover, 
detailed characterization was performed using BET, XRD, XPS, TPO, STEM and ICP-SFMS and the stored NO species 
was studied using in-situ DRIFTS. The addition of CO to the storage mixture resulted in that for Pd/zeolites with low and 
medium SAR the binding energy for NO was increased. In addition, NO was stored in larger quantities, especially for the 
Pd/SSZ-13 samples. However, for Pd/BEA (SAR = 300) no such stable NO species was formed and for Pd/Ce/Al2O3 the 
CO addition was even negative. Moreover, in-situ NO DRIFTS showed that there was large amount of nitrosyls on ionic 
palladium for the Pd/zeolites with low and medium SAR, indicating that a significant fraction of the palladium was in ion-
exchanged positions, while this peak was small for the Pd/BEA (SAR = 300) and non-existing for Pd/Ce/Al2O3. Thus, CO 
addition is beneficial for Pd species that are in ion-exchanged positions, but this is not the case for Pd particles and this can 
explain the observations that CO is only beneficial for Pd/zeolites with low and medium SAR. Moreover, experiments with 
similar SAR [Pd/BEA (SAR = 25) and Pd/SSZ-13 (SAR = 24)], showed that there is larger stability of the stored  NOx in the 
small pore Pd/SSZ-13.

Keywords Palladium · Al2O3 · BEA · SSZ-13 · Passive  NOx adsorbers (PNA) · DRIFTS · TPD

1 Introduction

The stringent  NOx emission regulations [1] involve advanced 
implementation of  NOx reduction techniques, such as 
 NOx-storage reduction (NSR), also referred as Lean  NOx 
traps (LNT) [2, 3] and selective catalytic reduction (SCR) 
[4], in order to control the  NOx emissions from lean-burn 
engines [5, 6]. However, NSR is not efficient at low tem-
perature since NO oxidation followed by  NO2 storage over 

alkaline-earth materials or alkali metals must occur. Also, 
urea SCR has limitations at low temperatures, where one 
of the major difficulties is that urea cannot be dosed below 
ca 200 °C, since it otherwise will form deposits such as 
e.g. biuret [7]. Due to the low temperature limitations of 
both the NSR and SCR techniques, the  NOx species released 
during cold-start cannot be converted. An attractive strat-
egy focused on the storage and reduction of  NOx emissions 
during cold-start is the so-called passive  NOx adsorber [8, 
9] (PNA) technology. In this concept, the  NOx is stored at 
low temperatures and then thermally released once the SCR 
system reaches its operating temperature. It is important to 
release the  NOx above 200 °C, however it is also important 
that the temperature is not too high, because than there is a 
risk that the PNA is not properly regenerated. Thus, a release 
temperature between 200 and 300 °C seems to be ideal.

In early studies of passive  NOx adsorbers, Pt/Al2O3 [10] 
as well as Ag/Al2O3 [9, 11] were studied. However, the Pt/
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Al2O3 sample releases most of the  NOx below 200 °C or 
above 350 °C, which is not in the optimum interval. Moreo-
ver, the silver based catalysts required that small amounts of 
hydrogen was present, which is a limitation [9]. In a patent 
by Johnson Matthey [12], Pd and  CeO2 containing catalysts 
showed interesting properties, where  NOx was stored below 
temperature of 200 °C and released above this temperature. 
However, Pd/CeO2 exhibit low  NOx storage and in addition 
has large problems with sulfur adsorption [13].

Chen et  al. [13] found that Pd/zeolites were very 
promising materials for PNA applications. Moreover, 
Theis and Lambert [14] found that the presence of  C2H4 
improved the  NOx storage after thermal aging of the PNA. 
The zeolite structure plays a key role in the NO adsorp-
tion ability on the Pd sites, and Pd on MFI, CHA, and 
BEA zeolites showed considerable  NOx storage and des-
orption efficiencies [13]. However, Pd/BEA was better 
than the other investigated zeolites in terms of  NOx stor-
age at 100  °C or lower and  NOx release above 200  °C 
[13]. Using several characterization techniques Zheng 
et al. [15] examined Pd/BEA, Pd/ZSM-5 and Pd/SSZ-13 
and found that there are multiple Pd species on the Pd/
Zeolites; Pd in the cationic sites of zeolites and  PdO2 and 
PdO particles on the external surface. They also concluded 
that in the small pore zeolites there are more particles on the 
outside due to sterical hindrance [15]. However, high tem-
perature treatment (750 °C) resulted in an increased amount 
of atomically dispersed Pd in Pd/ZSM-5 [16]. Moreover, 
Lee et al. [16] found that the Si/Al loading in ZSM-5 was 
important for the NO storage and an optimum of Si/Al ratio 
of 30 was found. Vu et al. [17] found that the addition of CO 
to the feed during NO storage results in an increase in the 
temperature for  NOx release over Pd/BEA. The effect of CO 
is to reduce the palladium and metallic Pd, “naked”  Pd2+, 
and  Pd+ sites are the active sites for NO adsorption in the 
presence of CO [15]. Different Pd based zeolites have been 
examined, and it is clear that different zeolites results in dif-
ferent NO storage and release behavior, where Pd/BEA is the 
best at low adsorption temperature and Pd/SSZ-13 at higher 
temperatures [15]. Moreover, for Pd/ZSM-5 it is also found 
that the Si/Al ratio is critical in PNA experiments without 
CO presence [16]. However, there are to our knowledge, 
no studies available where the effect of Si/Al ratio on Pd/
BEA and Pd/SSZ-13 is studied. Moreover, there are no stud-
ies presented where the effect of Si/Al ratio on Pd/zeolites 
are examined in the presence of CO, which is significantly 
changing the adsorption and desorption characteristics [15].

The objective of the present work is therefore to study 
the effect of different Si/Al ratio on the Pd/BEA and Pd/
SSZ-13, with and without the presence of CO. This is done 
through NO temperature desorption (TPD) experiments in 
various gas mixtures. The catalysts are thoroughly charac-
terized using BET, ICP-SFMS, XRD, TPO, STEM, XPS 

and in-situ DRIFT spectroscopy to study the adsorbed NO 
species. In addition, a Pd/Ce/Al2O3 catalyst was examined 
as a reference sample.

2  Experimental

2.1  Catalyst Synthesis

2.1.1  Pd/Ce/Al2O3 as a Reference Sample

A 1%Pd/8%Ce/Al2O3 catalyst was prepared as a reference 
material. The γ-Al2O3 (Puralox SBa-200, Sasol, pre-cal-
cined at 750 °C, for 2.5 h, 4 °C/min), an aqueous solution of 
Pd(NO3)2 (Heraeus GmbH, 16.37 wt% Pd) and Cerium(III) 
nitrate hexahydrate (Sigma Aldrich) were used as start-
ing materials. The desired amount of Cerium(III) nitrate 
hexahydrate, corresponding to 8 wt% Ce was loaded in two 
steps (each of 4 wt% Ce) by incipient wetness impregnation 
method, with drying between each step. The Ce nitrate was 
dissolved in purified deionized “MilliQ” water (Millipore) 
and the aqueous solution was dropwise added to the alumina 
support. After the sample was dried at 100 °C overnight and 
calcined at 500 °C for 5 h, a corresponding amount of Pd 
precursor (to reach 1 wt%) was dissolved in an appropri-
ate amount of “MilliQ” water and was impregnated on the 
Ce/Al2O3. After the addition of the Pd solution, the result-
ing powder was dried and calcined at same conditions as 
described above.

2.1.2  Pd/SSZ-13

The hydrothermal synthesis of Na-SSZ-13 was performed 
based on the method described by McEwen et al. [18]. Start-
ing materials used for the synthesis was sodium silicate 
solution (Sigma-Aldrich), TMAAI 25% solution of tricyclo 
[3.3.1.13, 7] decan-1-aminium,N,N,N-trimethyl-hydroxide 
(Sachem, ZeoGen SDA), zeolite Y CBV712 (Zeolyst Inter-
national) and NaOH (Sigma-Aldrich). The obtained Na-
zeolite sample was calcined at 550 °C for 8 h with a ramp of 
0.5 °C/min. In the next step, Na-SSZ-13 was ion-exchanged 
with  NH4NO3, following a detailed procedure described 
by Olsson et al. [19]. The H-form of SSZ-13 was obtained 
by calcination of  NH4-form in air for 4 h at 550 °C with a 
ramp rate of 5 °C  min−1. The Pd/SSZ-13 was synthesized 
using incipient wetness impregnation with the appropriate 
amounts of Pd precursors corresponding to 1 wt% Pd. After 
the Pd solution had been added, the resulting powder was 
dried at 100 °C overnight and calcined at 500 °C for 5 h 
with 2 °C/min.

Moreover, in order to prepare a SSZ-13 with higher SAR 
 (SiO2/Al2O3) ratio was instead zeolite Y CBV780 (Zeolyst 
International) used as starting material.  NH4- and H- and 
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Pd- forms of SSZ-13 were prepared using the same proce-
dure as described in previous paragraph.

2.1.3  Pd/BEA

Beta zeolite (CP814E, SAR 25; CP814C, SAR 38, and CP 
811-300, SAR 300, Zeolyst International) were used as sup-
port for impregnation of Pd precursor. Same procedure as 
mentioned in Sect. 2.1.2 was followed for the synthesis. For 
simplification, the catalysts used in this work are summa-
rized in Table 1.

2.2  Monolith Preparation

The monoliths were cut from a commercial honeycomb 
cordierite structure (20 mm in length, 21 mm in diameter, 
400 cpsi) and then heated to 500 °C for 2 h. The monolith 
substrates were coated using slurry consisting of 20 wt% 
solid phase and a liquid phase of ethanol and water (1:1). 
The catalyst and Disperal P2 (boehmite binder) ratio in the 
solid phase was 95:5 based on weight. Each time after dip-
ping the monolith, the excess slurry was removed and the 
monolith dried in air for 2 min at 90 °C. The procedure was 
repeated several times until the desired amount of washcoat 
(∼ 750 mg) was reached after which the monoliths were cal-
cined in air at 500 °C for 5 h, 2 °C/min ramp.

2.3  Catalyst Characterization

The BET surface area and pore volume were determined 
by measuring  N2 adsorption isotherms at the temperature 
of liquid  N2 (− 195 °C) using a Tristar 3000 (Micromerit-
ics) instrument. Prior to the measurement, the samples were 
degassed at 220 °C for 3 h under vacuum.

Elemental analysis was used for determining the Si/Al 
ratio of the SSZ-13 samples. This was done by inductively 
coupled plasma sector field mass spectrometer (ICP-SFMS) 
and the measurements were performed by ALS Scandinavia 
AB.

XRD was performed using a powder diffractometer 
(BrukerAXS D8 advance) with Cu Kα source (λ = 1.542 Å) 
operating at 40 kV and 40 mA.

X-ray photoelectron spectroscopy (XPS) measurements 
were done on a Perkin Elmer PHI 5000C ESCA system 
equipped with a monochromatic Al K X-ray source with 
a binding energy of 1486.6 eV. All binding energies were 
referenced to a C 2s BE of 284.8 eV. Note that the samples 
experienced variable degrees of charging and a neutralizer 
with emission control (21.8) was therefore used to minimize 
this charging. PdO from Sigma Aldrich (99.97% trace metals 
basis) were used as reference material.

A transmission electron microscopy (TEM) analysis was 
performed to examine the Pd particle size for fresh sam-
ples and samples scraped from monoliths after flow reactor 
experiments. The powder of the sample was placed on car-
bon films using TEM Cu grids. The particles were imaged 
using an FEI Titan 80-300 microscope equipped with a field 
emission gun (FEG), a probe Cs (spherical aberration) cor-
rector and a Gatan image filter (GIF) (Tridium) operated at 
an acceleration voltage of 300 kV. The images were recorded 
using a high angle annular dark field (HAADF) detector in 
the scanning TEM imaging mode (STEM).

2.4  Flow Reactor Experiments

2.4.1  Temperature-Programmed Desorption (TPD) 
Experiments

The TPD experiments were performed in a flow reactor 
setup. It consisted of a horizontal quartz tube (70 cm length, 
22 cm inner diameter), gas dosing system using several mass 
flow controllers (MFC, Bronkhorst), an evaporation mixing 
system for controlling water vapor flow (CEM, Bronkhorst) 
into which the monolith was inserted. Two type-K thermo-
couples were used to measure the temperature in the gas 
flow before the catalyst and in the center of the middle chan-
nel. A gas Fourier transform infrared (FTIR) spectrometer 
(MKS Multigas 2030) was connected to the outlet of the 
reactor for monitoring the concentrations of the gases. The 
lines prior to and after the reactor were heated to 200 °C 
and insulated in order to prevent water condensation during 
measurements. Argon was used as inert balance gas. The 
total flow was 750 ml min−1 during the TPD experiments, 
whereas a flow of 3300 ml min−1 was employed for pretreat-
ment of the samples.

In this study, several TPD procedures were applied 
(marked as TPD 1, TPD 2, etc.), as listed in Table 2. In order 
to obtain stable activity, the catalysts were first degreened 
using 500 ppm NO, 5%  CO2, 8%  O2 and 5%  H2O at 500 °C 
for 1 h with the total flow of 3500 ml min−1. Prior to each 
TPD experiment the catalyst was pre-treated at 400 °C, using 
the following three sequences: (1) 1%  H2, 5%  CO2 and 5% 

Table 1  Summary of prepared catalysts

Catalyst type Support SAR  (SiO2/Al2O3 
ratio)

Metal load-
ings (wt%)

Pd Ce

Pd/Ce/Al2O3 γ-Al2O3 – 1 8
Pd/SSZ-13 SSZ-13 12 –

24
Pd/BEA BEA 25

38
300
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 H2O for 15 min; (2) 5%  CO2 and 5%  H2O for 5 min; (3) 5% 
 CO2, 8%  O2 and 5%  H2O for 20 min. After pretreatment, 
the samples were cooled to the target temperature (80 °C) 
under  (O2 + Ar) for TPD1,  (O2 + H2O + Ar) for TPD2, 
 (O2 + CO2 + H2O + Ar) for TPD3 and TPD4. The TPD pro-
cedure consisted of an adsorption of 200 ppm NO in the 
presence of  O2,  H2O,  CO2 and CO (see Table 2 for details) 
with an Argon balance at 80 °C for 30 min. Thereafter, at 
the same temperature as the adsorption step, the catalyst 
was flushed with a specific gas mixture for each TPD (see 
Table 2) for 15 min to remove loosely bound species from 
the surface. The temperature was then linearly increased to 
400 °C at a ramp speed of 20 °C  min−1 and finally, the tem-
perature was kept at 400 °C for 10 min.

2.4.2  Temperature-Programmed Oxidation (TPO) 
Experiments

TPO experiments were conducted in a Setaram Sensys DSC 
(Digital Scanning Calorimeter) using Ar as the inert balance. 
About 60 mg of the powder sample was loaded in the quartz 
tube reactor (inner diameter of 5 mm), which was mounted 
in an electrical furnace as part of calorimeter. In order to 
pretreat the catalytic surface, the samples were first reduced 
for 30 min at 500 °C in 1%  H2 and subsequently cooled 
down to 100 °C in the same reducing atmosphere. After the 
catalysts were flushed with Ar for 25 min at 100 °C, the TPO 
tests were started when 500 ppm  O2 was introduced into the 
system and the catalysts were flushed with 500 ppm  O2 for 
90 min. Thereafter, oxidation was carried out by heating the 
samples from 100 to 800 °C (with a ramp rate of 20 °C/min), 
while exposing the samples to 500 ppm  O2 in Ar. When 
the temperature reached 800 °C, the catalysts were kept for 
60 min in  O2 atmosphere and then the system was cooled 
down to room temperature in the same environment.

2.5  In‑situ DRIFT Spectroscopy

The surface species on the samples were characterized 
during NO adsorption conditions by in-situ DRIFT spec-
troscopy. The measurements were performed using a 
Bruker Vertex 70 FTIR spectrometer equipped with a 

high-temperature reaction cell (Harrick Scientific). Approxi-
mately 70 mg of catalyst powder was placed on a porous 
grid in the sample cup. The sample was covered by a dome 
equipped with two KBr windows, and reactant gases were 
flown through the sample using Bronkhorst mass flow con-
trollers. After placing the samples in the reaction cell, each 
sample was degreened at 550 °C for 1 h in 8%  O2, 1000 ppm 
NO and 1%  H2O. After degreening, the samples were pre-
treated at same temperature in 8%  O2 and 1%  H2O for 
30 min and then cooled down to 80 °C in same atmosphere. 
At this temperature, a background was first acquired under 
8%  O2 and 1%  H2O, Ar balanced. After taking background, 
1000 ppm NO was introduced in the flow in the presence of 
8%  O2 and 1%  H2O for 30 min. A resolution of 4 cm−1 was 
adapted and the data are presented as absorbance (logI/R).

3  Results and Discussion

3.1  Catalyst Characterization

The  SiO2/Al2O3 ratios, denoted SAR, for the synthesized 
SSZ-13 materials were determined using ICP-SFMS, which 
resulted in SAR of 12 and 24, respectively. Moreover, the 
Na content was below detection limit in the samples. In 
addition, BET surface areas were measured and resulted in 
167.3, 624.6, 669,7, 582.9 and 579.5 for Pd/Ce/Al2O3, Pd/
SSZ-13 (SAR = 12 and 24) and Pd/BEA (SAR 38 and 300), 
respectively. According to  N2 physisorption data, it can be 
seen that the BET surface area of the Pd/Ce/Al2O3 catalyst 
was lower [20], which is expected since alumina support has 
lower surface area compared to zeolites in general. Highest 
BET specific surface areas are revealed for small-pore-sized 
SSZ-13-based materials [21].

Figure 1 shows the diffraction patterns of the calcined 
zeolite catalysts. Analysis of XRD patterns recorded for 
the zeolite materials presented in Fig. 1 clearly show the 
structures of the SSZ-13 [22] (Fig. 1a) and BEA [23, 24] 
(Fig. 1b). In the case of Pd/SSZ-13 (Fig. 1a), it showed the 
characteristic of CHA topology with the diffraction peaks 
matching well with the standard diffraction of zeolite SSZ-
13 from (1 0 0), (1 0 − 1), (− 1 1 − 1), (1 1 1), (1 0 − 2), (0 

Table 2  Experimental procedure for TPD experiments

a The NO,  O2,  CO2, CO and  H2O were present in the concentrations of 200 ppm, 8%, 5%, 400 ppm and 5%, respectively in all TPD tests

TPDa Adsorption Desorption

Gas composition Temperature ( °C)/time (min) Isothermal, 80 °C, for 15 min Ramp to 400 °C, 20 °C/min

1 NO + O2 80/30 O2 + Ar
2 NO + O2 + H2O O2 + H2O + Ar
3 NO + O2 + H2O + CO2 O2 + H2O + CO2 + Ar
4 NO + O2 + H2O + CO2 + CO O2 + H2O + CO2 + Ar
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− 2 2), (1 − 3 1) and (3 1 0) crystal [25, 26]. While the Pd/
BEA (SAR 38 and 300) diffraction peaks are identified as 
(004), (302) and (304) [27]. As it can be seen from Fig. 1 
changing of SAR in zeolite structure did not cause any sig-
nificant changes of the position of the peaks.

The morphology of the calcined Pd/BEA (SAR = 300) 
and Pd/SSZ-13 (SAR = 24) was investigated by TEM and 
the HAADF-STEM micrographs at various magnifications 
are shown in Fig. 2. Palladium particles can be seen as bright 
spots and it is clear that the Pd/BEA (SAR = 300) shows 
many and quite large Pd particles (Fig. 2a). This is expected 
since the SAR ratio is very high; there is only few ion-
exchange positions available, which results in Pd particles. 
Figure 2b presents STEM images of Pd/SSZ-13 (SAR = 24). 

Also, for Pd/SSZ-13 it is clear that there are Pd particles 
available on the surface, however they are significantly 
smaller. The size of Pd particles for Pd/BEA (SAR = 300) 
are in the range from 24 till 51 nm, while for Pd/SZZ-13 
(SAR = 24) particle size have range from 1.7 till 5 nm with 
the majority of particles size around 2–3 nm. The size dif-
ferences between Pd/BEA (SAR = 300) and Pd/SSZ-13 
(SAR = 24) are probably due to the different SAR. Smaller 
SAR of Pd/SSZ-13 is giving more ion-exchanged positions 
which results in more well dispersed Pd species (Fig. 2).

The effect of running of flow reactor experiments on the 
Pd particles size’s for Pd/BEA (SAR = 300) is examined. 
In Fig. 3, the results from scrapped of catalysts from used 
monolith are shown, with M denoting sample taken from 

Fig. 1  XRD patterns of a Pd/
SSZ-13 with SAR  (SiO2/Al2O3) 
of 12 and 24; b Pd/BEA with 
SAR of 38 and 300

Fig. 2  a STEM images of the Pd/BEA (SAR = 300) at 100 nm; b STEM images of Pd/ SSZ-13 (SAR = 24) at 20 nm
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monoliths. As it can be seen from Fig. 3a Pd particles 
for Pd/BEA (SAR = 300) M are now more dispersed with 
size ranging from 8 till 40 nm. These results were found 
on several images on different positions. These results 
indicate that during flow reactor experiments of Pd/BEA 
(SAR = 300) the Pd dispersion improved, and this is sim-
ilar as found for solid state ion-exchange of Cu/SAPO-
34 [28]. In the case of Pd/BEA (SAR = 38) M the size 
of a particles are from the 11 till 14 nm with quite even 
distribution. Comparing the particle sizes for Pd/BEA 
(SAR = 38) M and Pd/BEA (SAR = 300) M we can see 
that lower SAR gives the smaller particles. For Pd/SSZ-13 
(SAR = 12) M the particles size is in the range from 2 till 
5 nm (see Fig. 3c), which is similar to the size range fresh 
Pd/SSZ-13 (SAR = 24, presented in Fig. 2b) leading to 
conclusion that particles are not drastically influenced by 
SAR and experimental treatment in the case of Pd/SSZ-13 
samples.

The oxidative properties of the prepared samples were 
investigated through TPO tests and the obtained results 
are shown in Fig. 4. In case of Pd/Ce/Al2O3, the oxidation 
started at about 120 °C, with the maximum oxygen con-
sumption peak at 301 °C. This behavior is related with the 
Pd oxidation to PdO and ceria oxidation, and is similar to 
the max adsorption temperature (359 °C) that was obtained 
on Pt/Pd/Ce/Al2O3 by Sadokhina et al. [29]. Moreover, at 
high temperature an oxygen release is visible with a peak 
maximum at 768  °C, which is due to palladium oxide 
decomposition.

For all Pd/zeolites the oxidation occurs at higher tem-
perature compared to the Pd/Ce/Al2O3 sample. The Pd/BEA 
(SAR = 38) and Pd/BEA (SAR = 25) have similar oxygen 
uptake profiles, with maximum around 401 °C (see Fig. 4a). 
Interestingly, the Pd/BEA with the higher SAR (SAR = 38) 
released oxygen, indicating decomposition of palladium 
oxides, while Pd/BEA (SAR = 25) did not. In Fig. 4b, the Pd/

Fig. 3  a STEM images of the Pd/BEA (SAR = 300) at 100  nm; b Pd/BEA (SAR = 38) at 100  nm and c Pd/ SSZ-13 (SAR = 12) at 20  nm. 
Scrapped off powder from used monoliths are used

Fig. 4  TPO tests over a Pd/
BEA (SAR = 25 and 38) and b 
Pd/SSZ-13 (SAR = 12 and 24), 
while Pd/Ce/Al2O3 is base case 
reference catalyst. Prior to the 
TPO experiment, the samples 
were reduced for 30 min under 
1%  H2 in Ar at 500 °C
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BEA (SAR = 25) is compared with Pd/SSZ-13 (SAR = 24), 
and it is clear that Pd/SSZ-13 has larger oxygen uptake. For 
the lowest SAR, Pd/SSZ-13 (SAR = 12) two clear adsorption 
peaks are observed at 338 and ca 475 °C, which indicate 
that different palladium species are available that are being 
oxidized. Moreover, the  O2 release temperature for Pd/BEA 
(SAR = 38) and Pd/SSZ-13 (SAR = 12) are both lower com-
pared to Pd/Ce/Al2O3, indicating that some of the oxygen 
on these catalyst are loosely bound. However, the desorbed 
amount is much lower for the Pd/zeolites than Pd/Ce/Al2O3, 
showing that the majority of the oxygen binds strongly.

XPS analysis was performed in order to examine the Pd 
oxidation states in the Pd/zeolite samples. The existence of 
Pd(II) over Pd/SSZ-13 and Pd/BEA catalysts (Fig. 5a, b) 
is revealed by XPS measurement of PdO sample used as 
reference and is presented in the lower panels in Fig. 5a, b. 
The peak positions for Pd(II) from PdO sample located at 
337 eV  (3d5/2) and 342.4 eV  (3d3/2) were taken as the basis 
for deconvolution of XPS spectra. The values for Pd(IV) 
taken from the work of Zeng et al. [15] at 338.9 eV  (3d5/2) 
and 344.3 eV  (3d3/2), together with Pd(II) were used for 
deconvolution of experimental spectra presented in Fig. 5 
with dashed red line. The calculated percentages of Pd(II) 
and Pd(IV) from spectra deconvolution reveal that Pd(II) 
dominate in all samples, which is also seen by comparing the 
spectras from the catalysts with the reference material. Both 
Pd/BEA samples, as well as Pd/SSZ-13 (SAR = 12) show 
similar amount of Pd(IV), between 25 and 32%. The Pd/
SSZ-13(SAR = 24), shows higher amount of Pd(VI) (49%), 
but it should be noted that there are some uncertainties in 
the deconvolution due to low Pd signal in XPS, because of 
low Pd amount.

3.2  NO Adsorption Using In‑situ DRIFT 
Spectroscopy

In order to further characterize the Pd species NO DRIFTS 
experiments were conducted. The DRIFTS spectra when 
adding NO to  O2 and  H2O gas mixture over Pd/Ce/Al2O3 
are presented in Fig. 6. The large bands between 1200 
and 1600 cm−1 can be associated with different NO based 
species, such as: bridged nitrates at 1614 and 1232 cm−1 
(1606 and 1249 cm−1 [30]), bidentate nitrates at 1545 cm−1 
(1530–1540 cm−1 [31]), bulk/ionic nitrates at 1417 cm−1 

Fig. 5  Pd 3d XPS spectra of 
the fresh a Pd/SSZ-13 with 
SAR = 12 and SAR = 24, b 
Pd/BEA with SAR = 38 and 
SAR = 300

Fig. 6  DRIFTS spectra of Pd/Ce/Al2O3 recorded at 80 °C after expo-
sure to NO with  O2 and  H2O in the gas mixture
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(1420  cm−1 [32]) and bridged nitrites at 1319  cm−1 
(1320 cm−1 [30]). The identification of adsorption sites is 
problematic because  Al2O3, Pd/Al2O3 and Pd/CeO2 show 
bands in the same region [32–34]. The appearance of the 
broad band at higher frequencies, more specifically in the 
region of 2500–3800 cm−1 are associated various hydroxyl 
species [35]. Even though the catalyst was exposed for sev-
eral hours to water and  O2, prior to adding NO, the hydroxyl 
groups continued to grow.

Figure  7 shows DRIFT spectra collected during NO 
adsorption on Pd/SSZ-13 with various SARs in the presence 
of  O2 and  H2O at 80 °C in the range of 1500–4000 cm−1. 
The highest peaks are observed at 1818 and 1817 cm−1, 
respectively (Fig. 7a, b). Moreover, a band with lower inten-
sity is found at 1871–1872 cm−1. According to Chakarova 
et al. [36], bands at 1881 and 1839 cm−1, can be associ-
ated with nitrosyl complexes on palladium cations in Pd/
ZSM-5, where 1881 cm−1 is assigned to  Pd2+–NO nitrosyls 
and 1839 cm−1 to  Pd2+(H2O)(NO). Based on these literature 
results, we assign our band at 1818 cm−1 to  Pd2+(H2O)(NO) 
nitrosyls and at 1871 cm−1 to  Pd2+–NO nitrosyls, respec-
tively. These results are consistent with the work by Ryou 
et al. [22] that studied NO adsorption on Pd/SSZ-13 and 
found peaks at 1800 cm−1 with a shoulder at 1860 cm−1, 
that they assigned to nitrosyl complexes on ionic Pd species. 
Moreover, according to Hess et al. [37], there are NO dimer 
species formed on Pd(111) giving a band at 1779 cm−1. We 
observe bands in this region at 1724 and 1745 cm−1 for the 
two Pd/SSZ-13 samples and we suggest that these are origi-
nating from NO dimers on palladium. A possible reason for 
the differences observed between our study and the work 
by Hess et al. [37] is that large part of our palladium is in 
ion-exchanged positions and Pd particles while in the other 
work, Pd(111) surface was studied.

One broad area, with two overlapping broad bands were 
found in the region 2000–2400 cm−1, for example for Pd/
SSZ-13(SAR = 24) at 2112 and 2281  cm−1. The band 

2112 cm−1 is assigned to nitrosonium ions adsorbed onto 
different cationic positions in the zeolite framework [38–40]. 
Chen et al. [13] also observed a peak in this area for Pd/
CHA in a similar region (2151 cm−1) which they assign to 
 NO+ on Brønsted acid sites. However, this was in dry con-
ditions, and when they added water this band disappeared, 
showing the instabilities of NO species associated directly 
with the zeolite structure. In our study the NO species asso-
ciated with the zeolite structure grew also in the presence 
of water and the difference could be due to that we used 
lower water concentration and lower temperature compared 
to the study by Chen et al. [13]. Interestingly, we have an 
additional band at higher frequency, 2281 cm−1, which is 
further shifted to 2433–2446 cm−1 for Pd/BEA (see Fig. 8). 
This band was not observed when exposing H/ZSM-5 to NO 
and  O2, only a band at 2128 cm−1 was found [41]. Thus, it 
is not likely that this band is associated with NO species on 
the zeolite. Moreover, this band was not available for Pd/Ce/
Al2O3 (see Fig. 6), thus it is not related to Pd particles. A 
possible explanation for this band could be nitrosyl species 
that are interacting with the zeolite in close contact with the 
palladium ions. Moreover, the shift of this band to higher 
wave lengths for Pd/BEA is in accordance with the work by 
Chen et al. [13], where they found that some bands shifted 
upwards when increasing the pore-size of the zeolite.

During the first minutes of adsorption, the band associ-
ated with nitrosyls on ionic palladium (1817 and 1871 cm−1) 
increased. Interestingly, after 9 min the peaks at ca 1872 and 
1818 cm−1 start to reduce while the wide absorption bands in 
the region 2000–2500 cm−1 is becoming more visible, both 
for Pd/SSZ-13 and Pd/BEA. For example, in the case of Pd/
SSZ-13 (SAR = 24) there is a distinctive increase in the two 
bands at 2281 and 2112 cm−1 with prolonged NO exposure. 
These results suggests that after building up  Pd2+–NO spe-
cies there starts to become more interaction with NO in the 
interface between zeolite and palladium atoms.

Fig. 7  DRIFTS spectra obtained 
during a Pd/SSZ-13 (SAR = 12) 
and b Pd/SSZ-13 (SAR = 24) 
exposure to NO under  O2 and 
 H2O at 80 °C
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Simultaneously as the NO was stored, the OH-groups 
(2500–3800 cm−1) were removed. The build-up of hydroxyl 
groups and water adsorption on palladium is found in many 
studies and is a large problem for methane oxidation over 
Pd containing catalysts [42]. Fully hydrated a palladium ion 
can coordinate up to four water molecules [43]. It is well 
known that there are OH groups charge balancing the copper 
species ion-exchanged in Cu/SSZ-13, where  ZCuIIOH are 
formed (located in the 8MRs under non-reactive conditions 
[44]). In a similar way we propose that OH groups are also 
charge balancing the Pd species that are in ion-exchanged 
positions into the zeolite and there could also be water spe-
cies adsorbed to the Pd sites. During NO adsorption some 
of these water species are pushed out, resulting in negative 
bands for the OH-groups. The XPS results (Fig. 4) showed 
large amount of Pd(II), which could originate from ion-
exchanged palladium, which is in line with NO DRIFTS, 
where a clear band at 1818 cm−1 is observed due to nitrosyls 
on the Pd ions. This band in DRIFTS was not present for the 
Pd/Ce/Al2O3 showing that it is not occurring for NO adsorp-
tion on Pd particles.

There are quite large differences observed for NO adsorp-
tion on Pd/SSZ-13 with different SAR. For the Pd/SSZ-13 
(SAR = 24) there is larger OH removal and in addition more 
NO species are associated with the zeolite structure and the 
interface between the structure and palladium. For the sam-
ple with low Si to Al ratio (SAR = 12, Fig. 7a) more Pd 
can bind to two Al, while for higher SAR there is less Al 
available and there will be a larger fraction of Pd binding 
to only one Al and charge balancing with OH groups. This 
results in that more OH-groups are removed for the sample 
with SAR = 24, which is clearly observed when comparing 
Fig. 7a, b.

The same experiment was conducted over Pd/BEA zeo-
lites with SAR 38 and 300 and the results are shown in 
Fig. 8a, b, respectively. Pd/BEA (SAR = 38), exhibit many 

similarities with Pd/SSZ-13 samples, where the nitrosyls on 
Pd ions are growing, while the hydroxyl species are being 
removed. The peak at 2000–2200 cm−1 which is assigned 
to nitrosyls  (NO+) adsorbed on metal cations of the support 
[38–40] is growing more for Pd/BEA (SAR = 38) compared 
to Pd/SSZ-13 (SAR = 24) and finally Pd/SSZ-13 (SAR = 12) 
exhibit the smallest amount of this specie. Thus, it is clear 
that lowering the amount of Al in the sample increases this 
specie. In the same way as for Pd/SSZ-13, the peaks at ca 
1813 and 1871 cm−1, is first growing during first 6–8 min 
and thereafter decreasing, while the peaks at ca 2110 and 
2446 cm−1 continues to grow. These results suggests that 
NO adsorbed on the ion-exchanged Pd sites, are transferred 
to also interact with the zeolite. When examining the results 
for Pd/BEA (SAR = 300), see Fig. 8b, there are quite large 
differences compared to Pd/BEA (SAR = 38) and the Pd/
SSZ-13 samples. The main difference is that the peak at 
1816 cm−1 is significantly smaller. This means that there is 
only a small amount of nitrosyl species on the ionic Pd, and 
this is reasonable since there are very few ionic exchange 
positions available for the palladium due to very small 
amount of Al.

3.3  NO TPD Experiments in Various Gas Mixtures

An important characteristic of PNA materials is that they 
should be able to adsorb and store large amount of  NOx at 
low temperature and release it preferably between 200–300 
°C. This is investigated in this study by different TPD exper-
iments by varying the feed composition. Figure 9 shows the 
results of the  NOx trapping at 80 °C followed by desorption 
phase with temperature ramp until 400 °C for Pd/Ce/Al2O3 
catalyst. The NO concentration rapidly increases reach-
ing the inlet NO concentration when  H2O is added to the 
(NO + O2) feed mixture (Fig. 9b) compared to the (NO + O2) 
TPD (Fig. 9a). Thus, it is clear that water inhibits the storage 

Fig. 8  NO DRIFTS spectra of a 
Pd/BEA (SAR = 38) and b Pd/
BEA (SAR = 300)



2016 Topics in Catalysis (2018) 61:2007–2020

1 3

and this negative water effect was also found by Zheng et al. 
[15] over Pd/zeolites. The addition of  CO2 also affects the 
storage negatively (see Fig. 9c). Moreover, there are some 
 NO2 detected in the reactor outlet during desorption. How-
ever, no  NO2 is visible during the adsorption phase. Thus 
we suggest that there are some nitrates formed that when 
decomposing forms  NO2. However, when CO was present 
during the storage, there was almost no  NO2 observed dur-
ing the TPD (Fig. 9d), showing the inhibition effect of CO 
on the nitrate formation. Moreover, during desorption for 
the dry TPD experiment, three peaks are observed which 
is not the case for the NO + O2 + H2O + CO2 experiment. 
For example, the low temperature shoulder is not found in 
the presence of water and this could be that water disables 
the formation of loosely bound nitrates/nitrates. For the 
NO + O2 + H2O TPD there is one major peak, but with small 
sudden increase in the concentration, which likely originates 
from water fluctuation.

The  NOx storage profiles of Pd/SSZ-13 (SAR = 12) are 
presented in Fig. 10. Same adsorption–desorption event 
(see Fig. 9) was performed. The storage in dry conditions 
is significantly larger compared to in the presence of water 
also for this sample, in accordance with literature [15]. In 
addition, the CO addition increased the storage significantly 
(doubled the  NOx in the TPD), which is in line with the work 
by Vu et al. over Pd/BEA [17]. DRIFT studies indicate that 
CO addition lowers the oxidation state of the palladium, 

which results in that  NOx can bind more strongly due to 
π-back donation from Pd when the metal gets more electrons 
[17].

In order to easier facilitate comparison of the effect of 
different gases, the  NOx release profiles for Pd/Ce/Al2O3 and 
different Pd–zeolites are depicted in Fig. 11, after adsorption 
experiments at 80 °C in the presence of water. The addition 
of  CO2 has an important impact on Ce (Fig. 11a), where 
it decreases the storage and release. However, a similar 
trend was not found for BEA and SSZ-13-based materi-
als (Fig. 11b, c), where the addition of  CO2 did not give 
any effect. The formation of cerium carbonates [45] in 
the presence of  CO2, could be the reason for the negative 
effect of  CO2 on Pd/Ce/Al2O3. As an example, the desorbed 
amount of  NOx for Pd/SSZ-13 (SAR = 12) was determined 
and we found 103 µmol of  NOx for the dry case, while for 
NO + O2 + H2O and NO + O2 + H2O + CO2, 6.8 and 7.0 µmol 
of  NOx were observed, which clearly shows the huge nega-
tive impact of water, while no effect of  CO2 addition.

Furthermore, the results presented in Fig. 11 show that 
the addition of CO influences the  NOx storage and desorp-
tion. CO is an important component since the PNA likely 
will be the first component in the aftertreatment system, and 
there will therefore be CO present during most conditions. 
CO has earlier found to be beneficial for NO trapping for 
Pd/BEA [17]. Interestingly, the addition of CO inhibits the 
 NOx storage over Pd/Ce/Al2O3 sample (Fig. 11a), whereas 

Fig. 9  TPD 1, 2, 3 and 4 
(abbreviated in this study) over 
Pd/Ce/Al2O3 catalyst using a 
NO + O2, b NO + O2 + H2O, c 
NO + O2 + H2O + CO2 and d 
NO + O2 + H2O + CO2 + CO. 
For experimental details see 
Table 2
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enhanced  NOx storage over the Pd–zeolites (Fig. 11b, c) 
were observed. For Pd/SSZ-13 (SAR = 12), the  NOx des-
orbed was 15.4 µmol, i.e. there is more than twice the 
amount of stored  NOx (if assuming all  NOx are released) in 
the presence of CO. This corresponds to 0.22 NO per palla-
dium. Moreover, the storage was much more enhanced over 
the Pd/SSZ-13-catalyst than Pd/BEA. The presence of CO 
resulted in a shift in desorption temperature toward higher 
temperatures over the Pd/zeolites and now a large amount of 
 NOx is released in the optimum window (ca 200–300 °C). It 
should be noted that there are multiple desorption peaks for 
the Pd/zeolites (Fig. 11b–d), while only one for the Pd/Ce/
Al2O3 sample. Multiple peaks were also found by Vu et al. 
[17], and using CO DRIFT experiments they concluded that 
there are both multiple Pd states, as well as multiple types of 
binding sites. This could explain that we observe multiple 
peaks for the Pd/zeolites.

Comparing similar Si to Al ratio (Fig.  11c, d), the 
effect of support (i.e. SSZ-13 and BEA) is clearly empha-
sized. There is large differences between the supports. 
For the experiments in the presence of NO + O2 + H2O 
and NO + O2 + H2O + CO2 there are two peaks at low and 
medium temperature and a high temperature shoulder for Pd/
BEA (see Fig. 11b, d). However, for the Pd/SSZ-13 catalyst 
there is only two peaks present at low and high temperature. 
Interestingly, when adding CO during the storage especially 

the high temperature peak is enhanced, and for Pd/BEA the 
shoulder at high temperature is now the dominating peak. 
Interestingly, the CO has significantly larger effect on the Pd/
SSZ-13 (SAR = 24) compared to Pd/BEA (SAR = 25), where 
the  NOx desorbed is a factor of 3.6 larger for Pd/SSZ-13.

The effect of Si to Al ratio for Pd/BEA in the absence/
presence of CO in (NO + O2 + H2O + CO2) mixture is studied 
and the results are presented in Fig. 12. Without the presence 
of CO, the Pd/BEA (see Fig. 12a) releases the  NOx in two 
desorption peaks around 100 and 180 °C, and an additional 
shoulder around 275 °C for the Pd/BEA (SAR = 25). More-
over, the low temperature peak is dominating for the Pd/
BEA (SAR = 38), but the Pd/BEA (SAR = 300) stores less 
and have the main desorption peak at ca 180 °C. A possible 
reason for the poor PNA capacity of Pd/BEA (SAR = 300) 
is the lack of ion-exchanged Pd sites.

The addition of CO results in a high temperature des-
orption peak for Pd/BEA (SAR = 25 and SAR = 38), see 
Fig. 12b, as previously observed in literature for Pd/BEA 
[17]. This is due to that CO reduces the palladium and forms 
metallic Pd, “naked”  Pd2+, and  Pd+ sites [15], where NO 
adsorption with higher binding energies occurs. Interest-
ingly, there is no high temperature desorption peak found for 
Pd/BEA (SAR = 300), when the adsorption was conducted 
in the presence of CO (see Fig. 12b). The reason for this is 
also, as discussed in previous paragraph, that there is very 

Fig. 10  TPD 1, 2, 3 and 4 over 
Pd/SSZ-13 (SAR = 12) using 
a NO + O2, b NO + O2 + H2O, 
c NO + O2 + H2O + CO2 and d 
NO + O2 + H2O + CO2 + CO. 
For experimental details see 
Table 2
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little ion-exchanged Pd available in this sample, as evident 
from the NO DRIFTS data (see Fig. 8b) and Pd mostly is in 
the form of Pd particles. For Pd/Ce/Al2O3, surprisingly, the 
CO addition was even negative (see Fig. 11a). To conclude, 
CO addition is beneficial when there is Pd available in ion-
exchanged positions, which is the case for Pd/zeolites with 

low and medium SAR, and this result in Pd reduction and 
more stable  NOx species. However, for Pd/BEA with high 
SAR or Pd/Ce/Al2O3, the CO addition is not favorable.

The corresponding comparison for the  NOx desorption 
curves using Pd/SSZ-13 with different SAR are shown 
in Fig. 13. The results for Pd/SSZ-13(SAR = 12) and Pd/

Fig. 11  NOx desorption 
curves for (NO + O2 + H2O) 
TPD, denoted TPD2, 
(NO + O2 + H2O + CO2) 
TPD as TPD3 and 
(NO + O2 + H2O + CO2 + CO) 
TPD as TPD4 over a Pd/Ce/
Al2O3, b Pd/BEA (SAR = 38), 
c Pd/SSZ-13 (SAR = 24) and 
d Pd/BEA (SAR = 25). For 
experimental details see Table 2

Fig. 12  NOx desorption profiles 
of Pd/BEA (SAR = 25), Pd/
BEA (SAR = 38) and Pd/
BEA (SAR = 300), during a 
NO + O2 + H2O + CO2 TPD and 
b NO + O2 + H2O + CO2 + CO 
TPD experiments. For experi-
mental details see Table 2
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SSZ-13(SAR = 24) is quite similar and this shows that there 
needs to be larger variations in the SAR ratio in order to see 
larger effects.

4  Conclusions

Pd/BEA and Pd/SSZ-13 with different SARs and Pd/Ce/
Al2O3 as a base catalyst were synthesized and investigated 
for potential PNA use. The catalysts were characterized 
by BET, XRD, XPS, TPO, STEM and ICP-SFMS. The 
adsorbed NO species were examined using in-situ DRIFT 
spectroscopy and the adsorption/desorption characteristics 
were investigated using NO TPD experiments in various gas 
mixtures.

The TPO results showed that it required higher tempera-
ture to oxidize the Pd/zeolites than Pd/Ce/Al2O3. Moreo-
ver, the STEM showed that the Pd particles for Pd/BEA 
(SAR = 300) was significantly larger compared to the other 
zeolites with lower SAR for freshly calcined powder. How-
ever, after using the monoliths the Pd particles in Pd/BEA 
(SAR = 300) were reduced in size. The XPS data showed 
that in general for the Pd/zeolites there was large amount of 
Pd(II) and smaller amount of Pd(IV).

DRIFT spectroscopy revealed that on Pd/Ce/Al2O3 the 
NO was mainly stored as nitrates and nitrites in the region 
of 1600–1200 cm−1. However, for the Pd/zeolites two peaks 
around 1800 cm−1 was found that relates to nitrosyl com-
plexes on ionic Pd species. Moreover, a broad band in the 
region 2000–2500 cm−1 was observed, being more pro-
nounced with increase in SARs. We assign these to nitrosyl 
species that interacts with zeolite structure, possibly in close 
connection with the Pd. In addition, hydroxyl species were 
found in the region 2500–3800 cm−1. The catalyst had been 
pre-treated in  H2O and  O2 for several hours, both at high 
temperature and at the adsorption temperature (80 °C). 
However, when starting to introduce the NO, the OH-bands 

continued to grow on the Pd/Ce/Al2O3 sample, while they 
clearly decreased for the Pd/zeolites. We suggest that the 
reason for this is that for the Pd/zeolites there are palladium 
in ion-exchanged positions in the zeolite which is charge 
balanced with OH groups and also that there are water spe-
cies adsorbed on these Pd species. This explains why there 
is such a negative impact during NO TPD experiments when 
adding water, since water blocks the Pd sites. In order to 
adsorb NO, NO must push out water species and this is the 
reason for that the OH-bands clearly decrease during NO 
adsorption over the Pd/zeolites.

Various NO TPD experiments were conducted and it 
was found that water significantly reduced the NO storage 
ability for all samples. Moreover, the addition of  CO2 to 
the NO + O2 + H2O gas mixture decreased the storage on 
Pd/Ce/Al2O3 likely due to cerium carbonate formation, 
while it did not affect the Pd/zeolites. The addition of CO to 
NO + O2 + H2O + CO2 resulted in interesting effects, where 
the effect differed if the palladium was in the form of Pd 
particles or in ion-exchanged positions and therefore also 
varied with Si/Al ratio.

The effect of SARs of the zeolites samples on the 
NO adsorption/desorption ability was studied. In 
NO + O2 + H2O + CO2 TPD, the Pd/BEA samples released 
the  NOx at around 100 and 180 °C, for Pd/BEA (SAR = 38 
and 300). However, for the Pd/BEA (SAR = 38) the low tem-
perature peak is dominating, while this peak is very small for 
Pd/BEA (SAR = 300) and this sample also stores very little. 
Both these desorption peaks occur at too low temperature, 
since the optimum release temperature is between 200 and 
300 °C. In addition, for Pd/BEA (SAR = 25) an extra shoul-
der was observed at higher temperature. Interestingly, when 
adding CO during the adsorption phase, the stored  NOx spe-
cies for Pd/BEA (SAR = 25 and 38) is much more stable and 
is released at about 280 °C, but this peak is not existing for 
Pd/BEA (SAR = 300). This peak does also not e xist either 
on the Pd/Ce/Al2O3 sample, where actually the NO storage 

Fig. 13  NOx desorption curves 
of Pd/SSZ-13 (SAR = 12) and 
Pd/SSZ-13 (SAR = 24) during a 
NO + O2 + H2O + CO2 TPD and 
b NO + O2 + H2O + CO2 + CO 
TPD experiments. For experi-
mental details see Table 2
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is decreasing in the presence of CO. These results show that 
if the Pd is mostly in the form of particles, like for Pd/BEA 
(SAR = 300) and Pd/Ce/Al2O3, the CO addition is not ben-
eficial. But if Pd is in ion-exchanged positions in the zeolite, 
the CO addition is beneficial because it helps to reduce the 
Pd species, which facilitate NO storage with higher bind-
ing energy. For both Pd/SSZ-13 samples (SAR = 12 and 
SAR = 24) there was a clear benefit of adding CO to the 
storage mixture, because also for these materials it increased 
the binding strength. Interestingly, the CO addition signifi-
cantly increased the NO adsorption amount for Pd/SSZ-13, 
much more compared to the Pd/BEA. When comparing Pd/
BEA (SAR = 25) with Pd/SSZ-13 (SAR = 24) it is clear that 
the Pd/SSZ-13 forms more  NOx species with higher stabil-
ity and this was especially the case in the presence of CO.
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