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A B S T R A C T   

Passive NOx adsorption (PNA) is a novel technology to control NOx emissions during cold start. However, the 
recent generation of PNA material, Pd/zeolite, suffers from major degradation under high CO concentrations. In 
this work, we developed a novel form of Pd/SSZ-13 by using a freeze-drying process after incipient wetness 
impregnation. This Pd/SSZ-13 showed a better stability than the sample synthesized by the common process. 
Several characterization measurements were conducted and it was found that the Pd sites on the freeze-dried 
sample were more resistant towards CO-induced agglomeration. By combing in-situ characterization and ki
netic modeling, we found that the freeze-dried Pd/SSZ-13 had more ion-exchanged Pd sites, which provided 
greater resistance towards the CO-induced Ostwald ripening process, and consequently suppressed the sintering 
behavior under a high CO concentration. This material offers a potentially improved stability of PNAs under 
extremely high CO concentration pulses from incomplete diesel combustion during engine cold start.   

1. Introduction 

Diesel fuel combustion in engines is considered one of the main 
sources of nitrogen oxides (NOx) emissions [1,2]. With the gradual 
expansion of the automotive market and the tightening of emission 
standards, the responsibility of aftertreatment systems is becoming 
heavier. The current popular aftertreatment configurations are con
structed by the following modules typically in this sequence: diesel 
oxidation (DOC) catalysts, diesel particulate filter (DPF), selective cat
alytic reduction (SCR) unit and ammonia slip catalyst (ASC) [3]. Owing 
to the new regulations on cold start of engines and the very low emission 
temperature it is critical that the NOx emissions are limited [4]. Under 
cold start conditions, urea decomposition and the SCR rate are signifi
cantly suppressed, resulting in an insufficient NOx control of current 
aftertreatment configurations [5,6]. To solve this problem, a new tech
nology named passive NOx adsorbers (PNA) was created to adsorb NOx 
species at low temperatures, and thermally release NOx when the engine 
warms up [6,7]. The released NOx is further converted in the SCR 
module, enabling efficient control of the NOx emissions. 

The PNA module is usually designed to be placed in front of the other 
aftertreatment modules to adsorb NOx species during cold start. There
fore, the PNA usually works under harsh conditions, including high 
concentrations of H2O, SO2, CO, hydrocarbons, etc. [8,9]. Furthermore, 

owing to the incomplete combustion of diesel during cold start, CO 
pulses with extremely high concentrations are generated that can ac
count for 80 % of CO release under the duration of a total driving cycle 
[10]. In the current generation of PNA, Pd/zeolite is usually chosen 
owing to its high resistance towards SO2 and H2O [2,6]. It also offers 
excellent performance for oxidation of CO and HC [1,11] which can 
potentially replace the DOC module. Although the performance of Pd/ 
zeolite is fascinating as PNA, it still has degradation issues induced by 
high concentrations of CO [12–14]. Several works have demonstrated 
that Pd sites suffer from irreversible agglomeration under high CO 
concentration exposure [8,15,16]. In our recent work, we found there 
are two sintering modes of Pd sites during degradation of the PNA [17]: 
1) Under high CO concentration, Pd sites tend to adsorb CO and form Pd 
carbonyl, which has high mobility at low temperature [18]. When the 
engine warms up, Pd carbonyls start to agglomerate and release CO to 
form Pd nanoparticles (NPs). This process is called Ostwald ripening 
[19,20]. 2) The generated Pd NPs are unstable at high working tem
perature of the engine and thus migrate to form larger Pd NPs, which is 
called a particle migration process [19,21]. 

Therefore, improving the stability of a PNA under high CO concen
tration has become a major challenge in developing PNA modules. In 
this work, we chose Pd/SSZ-13, which presents considerable NOx stor
age performance [9,22], as the model material for a PNA. We adjusted 
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the distribution of different Pd sites by simply modifying the drying 
conditions after incipient wetness impregnation, and further conducted 
multicycle PNA evaluation in the presence of NOx, O2, H2O, and high CO 
concentration. We found that the freeze-dried PNA sample showed a 
better stability than the sample dried at 80 ◦C (a common drying pro
cess). Especially, in the first cycle under an extremely high CO concen
tration (~4000 ppm), the 80 ◦C-dried PNA sample suffered significant 
degradation while the freeze-dried PNA still maintained the same NOx 
storage amount. To the best of our knowledge, this is the first study 
where it is shown that the PNA degradation could be suppressed by 
adding a freeze-drying step. Several characterizations were used to 
investigate the changes in the different Pd of Pd/SSZ-13 before and after 
the tests. We found the PdOx sites on the external surface of SSZ-13 and 
ion-exchanged Pd sites in SSZ-13, presented different resistance towards 
high CO concentration by their susceptibility to the Ostwald ripening 
process. A kinetic model was further applied to investigate the sintering 
mode of different Pd sites, and simulated the PNA performance after 
ceasing CO exposure. 

2. Experimental methods 

2.1. PNA preparation 

2.1.1. Pd/SSZ-13 preparation 
Na-SSZ-13 with a Si/Al = 12 was synthesized according to the same 

method as in our previous studies [17,23]. Briefly, 1.6 g NaOH, 35.16 g 
TMAda-OH, 2.76 g Al(OH)3 and 24 g SiO2 were mixed into 132 mL 
deionized water with vigorous stirring until the mixture became a gel. 
The mixture was transferred into an autoclave, then placed into an oven 
and heated up to 160 ◦C for 96 h under rotation stirring. After cooling to 
room temperature, the mixture was separated via centrifugation and 
washed with 900 mL of deionized water. The obtained sample was dried 
at 80 ◦C for 6 h and calcinated at 600 ◦C for 8 h. 

NH4-SSZ-13 was obtained via an ion-exchange process. 15 g Na-SSZ- 
13 was mixed into 300 mL NH4NO3 solution (1 mol/L) and heated up to 
80 ◦C, then washed by 800 mL deionized water. This ion-exchange 
process was repeated twice to ensure that the Na ion was completely 
removed. The obtained sample was dried at 80 ◦C for 6 h. 

Pd/SSZ-13 samples were obtained via an incipient wetness impreg
nation method. 1 wt% Pd was loaded via impregnation of a Pd(NO3)2 
solution on NH4-SSZ-13. After that, the sample was dried via different 
processes. In one process the sample was dried by freeze drying. Briefly, 
the sample was put into a vacuum beaker, then placed into liquid ni
trogen to ensure the sample was frozen. Then the beaker was placed 
under a vacuum to 5 hPa and kept for 24 h to sublimate H2O. After 
drying the sample was calcined at 500 ◦C for 5 h. The obtained sample 
will be referred to as ‘Fredry’. Another sample after impregnation was 
dried at 80 ◦C overnight and calcined at 500 ◦C for 5 h, which is a 
common method to load Pd on SSZ-13 [22,24,25]. This sample will be 
referred to as ‘80dry’. 

2.1.2. Monolith preparation 
The cordierite monoliths were shaped as a honeycomb structure with 

a cpsi of 400. The monoliths were cut into small cylinders (2 cm length 
× 2.1 cm diameter), then calcinated at 550 ◦C for 2 h to clean the 
channel surface. 5 wt% Pd/SSZ-13 samples were mixed with 95 wt% 
Boehmite (Dispersal P2) and dispersed into a 1:1 ethanol/H2O solution. 
The mixture was dropped into all the channels of the monolith and dried 
at 80 ◦C. This loading procedure was repeated several times until the 
weight of the washcoat reached 700 ± 7 mg. A calcination process at 
500 ◦C for 5 h was then conducted for the loaded monolith. 

2.2. Reactor system 

The PNA evaluation system has been described in our previous work 
[26–31], which contains several mass flow controllers, a H2O 

evaporation system, a reactor tube with two thermocouples, and an FTIR 
spectrometer (MKS Multigas 2030) to detect the outlet gases. The 
monolith was placed inside the reactor tube and two thermocouples 
were separately placed in the upstream of the monolith and inside the 
monolith channel. 

2.2.1. Degreening of the monoliths 
A degreening process was firstly conducted on all samples before the 

PNA evaluation and material characterization to generate more Pd sites 
from the ion-exchange stage and to stabilize the PNA sample [32]. The 
monolith was loaded into the reactor, and treated at 750 ◦C under 400 
ppm NOx, 5 % H2O, and 8 % O2 with a total flow rate of 900 mL/min. 
After that, the monolith was kept at 750 ◦C in Ar to remove adsorbed 
species then cooled to 80 ◦C for the following evaluation, or cooled to 
room temperature and taken out for other characterizations. 

2.2.2. Adsorbent evaluation 
After degreening the monolith, an 8-cycle PNA evaluation process 

was conducted. To test the resistance of the PNA towards CO, cycles 3–7 
were conducted with the addition of CO in 200 ppm NOx, 8 % O2 and 5 
% H2O, while cycles 1, 2, and 8 were conducted without CO. Every 
evaluation cycle contains three processes to resemble the engine’s cold 
start period:  

1) NOx adsorption at low temperature: 80 ◦C, 200 ppm NOx, 4000 ppm 
CO (added in cycles 3–7), 5 % H2O, 8 % O2, balance in Ar, main
tained for 45 min.  

2) Temperature programmed desorption (TPD): maintained the same 
gas conditions, increased the temperature to 550 ◦C with a rate of 
10 ◦C/min, then kept for 15 min.  

3) Regeneration process: for the cycles without adding CO (cycles 1, 2 
and 8), NOx was first stopped and then the system was maintained at 
550 ◦C for 5 min, then cooled down to 80 ◦C for the next cycle. To 
accurately track the degradation behavior of different PNA samples 
under high concentration CO, the regeneration process is removed 
for the cycles with CO to prevent the redispersion of Pd sites. In these 
cycles, NOx and CO feed were stopped and the system was directly 
cooled down to 80 ◦C without holding the temperature at 550 ◦C. 

The scheme of temperature and inlet gas conditions is shown in 
Figure S1, Supplementary Information (SI). 

2.3. Characterization 

Transmission electron microscopy (TEM) was conducted by an FEI 
Tecnai with a voltage of 200 kV. For preparing the TEM sample, the 
powder was dispersed into ethanol, then dropped onto a copper grid 
supported carbon film. Around 100 Pd particles were measured in every 
sample in TEM images to obtain the statistical information regarding to 
diameters distribution and average diameters. 

X-ray diffraction (XRD) was conducted with a Bruker D8 Discover 
with voltage of 40 kV and current of 40 mA. Cu Kα radiation (λ = 1.5418 
Å) was used as the radiation source and filtered at room temperature. 
The XRD pattern was obtained by scanning from 10◦ to 60◦ with a rate of 
1◦/min. 

In-situ diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) of CO adsorption was conducted by a Bruker Vertex 70 spec
trometer equipped with several mass flow controllers, a H2O evaporator, 
an in-situ diffuse chamber with two CaF windows and an MCT detector. 
The degreened or tested Pd/SSZ-13 samples were first scratched from 
the wall of the monolith, then 20 mg of them were placed into the in-situ 
chamber. The samples were thereafter first treated at 200 ◦C under pure 
Ar, then cooled down to 30 ◦C. After cooling to 30 ◦C the background 
was collected. With scanning at 30 ◦C with a resolution of 4 cm− 1, 4000 
ppm CO in Ar was added for 20 min, then pure Ar was added for 5 min to 
purge the gas phase CO. 
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CO chemisorption was conducted by an ASAP 2020 Chemi Plus 
apparatus from Micromeritics Instruments Corporation, equipped with 
an extra chemisorption device. The powder was placed into a test tube 
and sealed into the device, followed by a pretreatment at 200 ◦C under 
vacuum to remove any contamination. After pretreatment the tube was 
cooled to 35 ◦C, then CO was added from 0.13 to 0.80 bar to collect the 
initial adsorption isotherm. After that, an evacuate process was con
ducted to remove the CO from physisorption, and the isotherm was 
repeated to collect the second isotherm. The difference between these 
two isotherms is the amount of chemisorbed CO. 

3. Kinetic modeling 

Kinetic modeling was performed based on our previous model that 
describes PNA performance and degradation under a large range of CO 
concentrations [17]. AVL BOOSTTM (which later will be transferred to 
CRUISETM M) embedded with an aftertreatment module and User Cod
ing Interface are used for building the kinetic model and simulating the 
NOx profiles. The parameters related to mass transfer and heat transfer 
are set according to the property database in AVL CRUISETM M. Detailed 
mass and heat balance equations and assumptions can be found in our 
previous PNA modeling works [17,23]. We here briefly introduce our 
kinetic model in Sections 3.1 and 3.2. 

3.1. Reactor model 

The reactor model consists of 3 elements: the inlet boundary, 
monolith, and outlet boundary. 20 grid points are applied along the 
system, where 18 grid points are set along the axial direction in the 
monolith channels, and 2 grid points for inlet and outlet boundaries. 
Both the mass transfer inside the washcoat and external gas phase mass 
transfer were considered in this model. The external mass transfer was 
described according to the film model [33]. The internal mass transfer 
was accounted for by a pore diffusion model with constant effective 
diffusivities, according to Chatterjee et al [34], and has been used in our 
previous works [17,27,28,35–37]. 

We assume that the radial heat transfer effect of the honeycomb 
catalytic converter is much smaller compared to the axial heat transfer, 
so the entire converter can be simplified to a single-channel model. The 
reaction heat of NOx adsorption and desorption was neglected in this 
model due to the low NOx concentration. This simplification has been 
used in many kinetic modeling works [27,29,35,36,38]. However, 
owing to the high concentration of CO (4000 ppm) used in the PNA 
evaluation, the reaction heat of CO oxidation was set based on the 
database of thermal properties from CRUISE M. We set the inlet tem
perature in the model in accordance with the measured upstream tem
perature of the monolith, and simulated the monolith temperature to 
compare with the experimental temperature measured inside the 
monolith. 

3.2. Reactions, rate expressions and thermodynamic restrictions 

The reaction rate constants are described in accordance with the 
Arrhenius equation: 

kj = Aje
− EA,j
(RTs ) (1) 

For reaction j, Aj and EA,j are respectively the pre-exponential factor 
(s− 1) and activation energy (J/mol), and kj is the rate constant j (s− 1). 
The Temkin isotherm was used to linearly correlate the activation en
ergy and adsorption coverage [39]: 

Edes = E0
des(1 − αθ) (2)  

where E0
des is the desorption energy at zero coverage, α is the coverage 

dependence constant and θ is the fractional coverage. 
In this work, we simulate the PNA performance according to our 

previous model [17,23], which contains 4 groups of reactions, as shown 
in Tables 1–4. 

Table 1 shows the reactions of NOx with the initial Pd species. There 
are two ion-exchanged Pd sites (Z-Pd2+Z-, Z-[PdOH]+) and one PdO site 
(PdO) on the external surface of SSZ-13. Z-Pd2+Z- can adsorb both NO 
and NO2 species and release them at higher temperatures (Reactions 
1–2, R1-R2). Z-[PdOH]+ can adsorb NO and be reduced to a Z-Pd- site, 
which has a stronger interaction towards NO (R3-R7). The PdO site 
forms Pd(NO3)2 species and subsequently decomposes when the tem
perature starts to rise, as shown in R7-R8. R9 accounts for NO oxidation 
at high temperatures, which is a global reaction step to simplify the 
model. 

Table 2 describes the CO-contributed reduction reactions of Pd sites. 
All the Pd species with positive valence can be reduced by CO, including 
Z-Pd2+Z- (R19-R21), Z-[PdOH]+/Z-Pd- (R11-R14), and PdO (R15-R17). 

Table 1 
Reaction mechanism of PNA: NO & NO2 reactions on initial Pd sites.  

Reactions Reaction Steps 

NO & NO2 adsorb on Z-Pd2þZ-: 
Reaction (1) Z-Pd2+Z- + NO ⇌ Z-Pd2+Z-–NO 
Reaction (2) Z-Pd2+Z- + NO2 ⇌ Z-Pd2+Z-–NO2  

NO adsorb on Z-[PdOH]þ: 
Reaction 3 Z-[PdOH]+ + NO ⇌ Z-[PdOH]+–NO  

Z-[PdOH]þ reduction and re-oxidation: 
Reaction 4 2Z-[PdOH]+–NO ⇌ Z-Pd-+Z-Pd-–NO + NO2 + H2O 
Reaction 5 Z-Pd- + NO ⇌ Z-Pd-–NO 
Reaction 6 2Z-Pd- + 0.5O2 + H2O ⇌ 2Z-[PdOH]+

Formation and decomposition of Pd(NO3)2: 
Reaction 7 PdO + 1.5O2 + 2NO ⇌ Pd(NO3)2 

Reaction 8 Pd(NO3)2 + NO ⇌ 3NO2 + PdO  

Gas phase NO oxidation:  
Reaction 9 2NO + O2 ⇌ 2NO2  

Table 2 
Reaction mechanism of PNA: NO & NO2 reactions on initial Pd sites with the 
addition of CO.  

Reactions Reaction Steps 

Reduction of absorbed NO2: 
Reaction 10 Z-Pd2+Z-–NO2 + CO → Z-Pd2+Z-–NO + CO2  

Z-[PdOH]þ reduction and re-oxidation (by CO): 
Reaction 11 2Z-[PdOH]+–NO + CO → 2Z-Pd-+–NO + H2O 

+ CO2 

Reaction 12 2Z-Pd-+–NO + H2O + CO → 2Z-H+-Pd0-NO +
CO2 

Reaction 13 Z-H+-Pd0 + NO ⇌ Z-H+-Pd0-NO 
Reaction 14 2Z-H+-Pd0 + 0.5O2 ⇌ 2Z-Pd-+ H2O  

PdO reduction and re-oxidation: 
Reaction 15 PdO + CO → Pd0 + CO2 

Reaction 16 Pd0 + 0.5O2 → PdO 
Reaction 17 Pd0 + NO ⇌ Pd0-NO  

Gas phase CO oxidation:  
Reaction 18 2CO + O2 → 2CO2  

Z-Pd2þZ- reduction and re- 
oxidation:  

Reaction 19 Z-Pd2+Z- +H2O + CO → Z-H++Z-H+-Pd0 + CO2 

Reaction 20 Z-H++Z-H+-Pd0 + 0.5O2 → Z-Pd2+Z- + H2O 
Reaction 21 Z-H++Z-H+-Pd0 + NO ⇌ Z-H++Z-H+-Pd0-NO  
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The adsorbed NO2 species can also be reduced by CO as shown in R10. 
R18 describes the gas-phase oxidation of CO. 

Table 3 reactions are embedded in the model to describe the Ostwald 
ripening of Pd sites. The metallic Pd sites that are produced by the 
reduction of Pd2+ or Pd- by CO, formed Pd carbonyl species as shown in 
R22-R24. The Pd carbonyl species have high mobility on the surface of 
SSZ-13 and tend to agglomerate to Pd/PdO nanoparticles (NPs), where 
only the surface Pd sites of the NPs are considered as the exposed active 
sites (Pdexposed(e)). This process is described in R25-R26. The PdO NPs 
also contribute to NOx adsorption, NO oxidation and CO oxidation, as 
described in R27-R31. 

Table 4 reactions describe the particle migration of Pd NPs. Owing to 
the low stability of Pd NPs, they tend to agglomerate to form large Pd 

NPs (Pd Large NPs(N)) at high temperatures, as shown in R32. The large Pd 
NPs also contribute to NOx adsorption, NO oxidation and CO oxidation 
(R33-R37). 

All the detailed reaction rate expressions are shown in Table S1. 
Notably, owing to the different methods in synthesizing Fredry and 
80dry, the PNA performances are different from our previous modeling 
work [17]. To fit the NOx profiles, only the pre-exponential factors (Ai) 
in the Arrhenius equations and coverage dependence (α) in the Temkin 
isotherms are changed, while other parameters and settings are the same 
as in our previous model [17]. For sets of reactions that together form 
the overall NO oxidation reaction, the kinetic parameters of all reactions 
needed to follow the thermodynamic restriction, where the overall 
change of enthalpy and entropy respectively equal to − 58 kJ/mol and 
− 76 J/(K*mol), as listed in Table S1. 

4. Result and discussion 

4.1. Degradation of PNA performance under high CO concentration 

Fredry and 80dry samples were first evaluated by the multicycle PNA 
test to obtain the degradation performance. The inlet gas conditions, 
temperature and outlet NOx profiles are shown in Figure S1. There are 
three processes in each cycle: NOx adsorption, TPD and regeneration, 
which have been described in Section 2.2.2. Adsorbent evaluation. The 

Table 3 
Reaction mechanism of PNA: Ostwald ripening of initial Pd sites.  

Reactions Reaction Steps 

Formation of Pd carbonyl: 
Reaction 22 Z-H++Z-H+-Pd0 + 4CO → 2Z-H++ Pd(CO)4 

Reaction 23 Z-H+-Pd0 + 4CO → Z-H++ Pd(CO)4 

Reaction 24 Pd0 + 4CO → Pd(CO)4  

Agglomerition of Pd carbonyl to Pd/PdO NPs: 
Reaction 25 Pd(CO)4 ⇌ Pdexposed(e) + 4CO 
Reaction 26 Pd(CO)4 → Pdcovered + 4CO  

NO and CO oxidation on Pd/PdO NPs 
Reaction 27 Pde + NO ⇌ Pde-NO 
Reaction 28 Pde-NO + O2 ⇌ PdeO + NO2 

Reaction 29 Pde + 0.5O2 ⇌ PdeO 
Reaction 30 PdeO + NO ⇌ Pde + NO2 

Reaction 31 PdeO + CO → Pde + CO2  

Table 4 
Reaction mechanism of PNA: Particle migration of Pd nanoparticles.  

Reactions Reaction Steps 

Particle migration of Pd NPs to larger Pd/PdO NPs 
Reaction 32 Pde → Pd Large NPs(N)  

NO and CO oxidation on large Pd/PdO NPs 
Reaction 33 PdN + NO ⇌ PdN-NO 
Reaction 34 PdN-NO + O2 ⇌ PdNO + NO2 

Reaction 35 PdN + 0.5O2 ⇌ PdNO 
Reaction 36 PdNO + NO ⇌ PdN + NO2 
Reaction 37 PdNO + CO → PdN + CO2  

Fig. 1. A, B: NOx profiles of each cycle in multi-cycle PNA test on Fredry (A) and 80dry (B). Inlet gas conditions: 200 ppm NOx (196.4 ppm NO and 3.6 ppm NO2), 
4000 ppm CO (in cycles 3–7), 8 %O2, 5 %H2O, balanced in Ar. 

Fig. 2. Stored amount of NOx and NOx/Pd in each cycle.  
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NOx profiles in each cycle are shown in Fig. 1, where the time points 
when NOx enters the reactor after cooling are considered as the start of 
each cycle. We further calculated the stored NOx and NOx/Pd in every 
cycle, as shown in Fig. 2. In the first two cycles, the test was conducted 
with 200 ppm NOx but without CO to get the initial PNA performance. 
For both Fredry and 80dry samples, the NOx profiles in cycle 1 and cycle 
2 (Figure S2) are the same, indicating there is no degradation in the first 
2 cycles. Furthermore, the NOx adsorption amount in Fredry and 80dry 
is also similar. 

Starting with cycle 3, 4000 ppm of CO was added during NOx 
adsorption of each cycle to simulate the high concentration CO pulse 
during cold start. The temperature of the NOx desorption peaks in cycle 
3 was changed in both Fredry and 80dry, indicating CO inducing a 
change in Pd sites. Apparently, 80dry suffered a large degradation in 
cycle 3, while the Fredry still kept the same NOx storage amount. With 
the proceeding PNA cycles, Fredry also deactivated but still showed a 
better NOx storage performance than the 80dry sample. After 2 more 
cycles with CO, the stored NOx amount of the 80dry reached a minimum 
(~0.6 × 10-4 mol, cycle 5), while the stored NOx amount in Fredry 
remained considerable, and still slowly decaying, even up to cycle 7. It 
was found in our previous work that the PNA sample lost 95 % NOx 
storage in the first 5 cycles with the presence of 4000 ppm CO [17]. 
Therefore, we only tested 5 cycles with CO (cycles 3–7) in this work, and 
conducted cycle 8 without CO to obtain the PNA performance after CO 
degradation. Comparing the NOx profiles in cycle 2 and cycle 8 in Fig. 1, 
it can be seen the NOx desorption peaks shifted to lower temperatures for 
both Fredry and 80dry, indicating the initial Pd sites were changed. It 
was also shown in Fig. 2 that Fredry can adsorb more NOx than 80dry in 
cycle 8, indicating the Fredry is more resistant towards the high CO 

concentration pulse during the multicycle cold start. 
We here select NO and NO2 profiles in 4 typical cycles (cycles 2, 3, 5, 

8) to interpretate the detailed PNA performance during CO-induced 
degradation, as shown in Fig. 3. The NO and NO2 profiles in all the 
cycles are shown in Figure S3. As reported in previous works, two Pd 
sites in the ion-exchange form (Z-Pd2+Z- and Z-[PdOH]+) and one 
external PdO site are the initial Pd sites in Pd/SSZ-13 [23]. The high 
concentration of CO can induce Pd carbonyl formation for all the Pd sites 
and leads to Ostwald ripening to form Pd nanoparticles, resulting in 
agglomeration and loss of the amount of accessible surface Pd sites [17]. 
The formed Pd nanoparticles are unstable at high working temperatures 
of the engine, and thus subsequently migrate into larger Pd nano
particles [17,19]. In cycle 2 we could see that there are two NO release 
peaks and one NO consumption peak (to generate NO2) for the 80dry 
sample. The consumption peak of NO and NO2 generation peak at ~ 
160 ◦C which can be attributed to the reduction of Z-[PdOH]+ to Z-Pd-, 
and the formation of Pd nitrates from PdO clusters [1,23]. The peaks at 
240 ◦C and 442 ◦C can be respectively attributed to NO release from 
Z-Pd2+Z- and Z-Pd- [23,40]. In cycle 2 of Fredry we could also see the NO 
consumption peak and release peaks, however, the release temperature 
of Z-Pd2+Z-–NO (330 ◦C) is higher than that of 80dry (240 ◦C), indicating 
the Z-Pd2+Z- in Fredry shows stronger interaction towards NO. 

After adding CO, both Fredry and 80dry are gradually deactivated, 
and present different NO and NO2 profiles compared to the initial cycles, 
as shown in Fig. 3. Cycle 3 is the first cycle tested with 4000 ppm CO, 
causing the NO release temperature to become lower for both Fredry and 
80dry samples. This is because the ion-exchanged Pd sites were reduced 
to metallic Pd species (Pd clusters or Z-H+-Pd0), which have weaker 
interaction with NO. The NO release peak positions for Fredry and 80dry 

Fig. 3. NO and NO2 profiles of selected PNA cycles. Inlet gas conditions: 200 ppm NOx (196.4 ppm NO and 3.6 ppm NO2), 4000 ppm CO (in cycle 3–7), 8 %O2, 5 % 
H2O, balanced in Ar. All-cycles NO/NO2 profile is shown in Figure S3. 
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are the same at 220 ◦C and 330 ◦C, which can be attributed to NO 
released from ion-exchanged Pd sites. However, the amount of released 
NO from 80dry is significantly lower than that from Fredry, indicating 
that 80dry is more vulnerable to CO degradation and more ion- 
exchanged sites agglomerated into PdO nanoparticles. Due to CO 
reducing the Pd2+ sites instead of NO, the NO2 release peaks disappeared 
at 160 ◦C. The generated PdO nanoparticles catalyze NO oxidation to 
NO2, causing the NO2 generation peaks at 230 ◦C and 470 ◦C. It can be 
seen the NO oxidation is more obvious on 80dry because more PdO 
nanoparticles were generated. In the following cycles with CO, both 
Fredry and 80dry were gradually deactivated, resulting in the 
decreasing peaks in both the NO and NO2 profiles (Fig. 3 and Figure S3). 
In cycle 5 of 80dry, the desorption peak at 220 ◦C and 330 ◦C could be 
neglected, while Fredry could still store a certain amount of NO and 
release it at those temperatures. Note that a sharp NO desorption peak 
appeared at ~ 160 ◦C in cycle 5 of 80dry, which is attributed to the NO 
release from large Pd nanoparticles. This sharp peak is more obvious in 
cycle 7 (the last cycle with CO) of 80dry in Figure S3. The absence of this 
sharp peak in cycle 7 of Fredry also demonstrates that only a small 
percentage of Pd sites in Fredry were converted to large Pd 
nanoparticles. 

Cycle 8 was further conducted without CO to reveal the PNA per
formance after CO degradation, as shown in Fig. 3. There is still one NO 
consumption peak (generating NO2) at low temperatures and two NO 
release peaks at higher temperatures for both Fredry and 80dry samples. 
The NO consumption peaks at 160 ◦C are at the same temperature 

compared to the initial cycles, indicating that the Pd2+ species were still 
reduced by NO at the same temperature. The two NO release peaks in 
cycle 8 of both PNA samples shifted to lower temperatures, compared to 
the peaks in cycle 2. Therefore, it can be deduced that the high con
centration of CO suppressed the interaction between Pd sites and NO, 
resulting in a lower release temperature of NO. The NO oxidation peak at 
470 ◦C still appeared in cycle 8, demonstrating the Pd nanoparticles 
remained in 80dry after CO degradation. 

4.2. Sintering of Pd sites 

To further investigate the influence of CO-induced degradation on 
PNA, we conducted several characterizations of the samples before and 
after the multicycle test. TEM was first conducted to determine the 
morphology of Pd/SSZ-13 samples, as shown in Fig. 4. More TEM images 
and the diameter statistics of Pd are shown in Figure S4. CO 

Fig. 4. TEM images of the PNA samples before and after PNA test. A: Fredry. B: Fredry-used. C: 80dry. D: 80dry-used. Detailed statistics of average particle size are 
shown in Figure S4. 

Table 5 
Properties of Pd sites in PNA samples.   

Dispersion Pd surface amount 
(10-5mol/gcat) 

Diameter in TEM 
(nm) 

Fredry  42.2 %  3.98  1.4 
Fredry used  15.7 %  1.48  12.0 
80dry  29.1 %  2.74  2.9 
80dry used  8.5 %  0.81  17.7  
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chemisorption was also conducted to determine the dispersion and the 
surface amount of Pd sites in all Pd/SSZ-13 samples, as shown in Table 5. 
Before the PNA evaluation, the Pd clusters are well-dispersed on the SSZ- 
13 supports in both Fredry and 80dry samples, with average diameters 
of 1.4 nm and 2.9 nm, respectively (Fig. 4). After the PNA test, the 
average sizes of Pd NPs increased to 12.0 nm (Fredry-used) and 17.7 nm 
(80dry-used), demonstrating that Pd sintering occurred in both samples 
during CO degradation. Fredry-used had a smaller Pd nanoparticle size 
than 80dry-used, showing a better resistance towards high CO concen
tration. It is also apparent that the dispersion of Pd decreased to 15.7 % 
(Fredry-used) and 8.5 % (80dry-used) (Table 5), demonstrating that the 
Fredry sample suffered a 63 % loss and 80dry a 71 % loss of exposed Pd 
surface species. Therefore, we could deduce that the freeze-drying pro
cess can suppress the mobility of Pd species because the Pd(NO3)2 so
lution tends to stay inside SSZ-13 channel and sublimate. At 80 ◦C 
drying, the Pd(NO3)2 solution likely preferably moves outside the SSZ- 
13 channels forming PdOx clusters. The Pd sites inside SSZ-13 chan
nels are more stable towards high CO concentration, resulting in less 
surface Pd site loss in the Fredry sample and a better stability. Notably, 
the particle size distributions of Fredry-used and 80dry-used samples are 
relatively more non-uniform compared to the fresh samples (Figure S4). 
This is because the formed large Pd nanoparticle have better stability to 
anchor small Pd species, leading to an uneven sintering rate of Pd 
clusters with different diameters [19,20]. 

To further confirm the agglomeration of Pd sites on different Pd/SSZ- 
13 samples, XRD was conducted for all the Pd/SSZ-13 samples to 
determine the status of both Pd sites and the SSZ-13 support, as shown in 
Fig. 5. Both Fredry and 80dry samples evidently contain well-crystalized 
SSZ-13. Furthermore, the diffraction peaks of SSZ-13 can also be iden
tified from the XRD patterns after the PNA test, indicating the CO 
degradation did not have a considerable influence on the SSZ-13 sup
ports. The diffraction peak at 2θ = 33.8◦ is the characteristic peak of the 
PdO(101) phase. To better distinguish the peaks in the different samples 
the XRD patterns are sorted and enlarged in this region, as shown in the 
upper right corner of Fig. 5. The PdO(101) diffraction peaks at 2θ =
33.8◦ of Fredry and 80dry before the test completely overlap and present 
a board shape, indicating that the Pd sites are well dispersed. After the 
PNA test, both the PdO(101) diffraction peaks of Fredry-used and 
80dry-used increased, where the peak for 80dry-used is more intense 
than the one for Fredry because of the larger PdO nanoparticles. These 
results are all consistent with the TEM and CO chemisorption results, 
indicating that the Pd sites sintered after CO degradation, and Fredry is 

more resistant than 80dry towards the CO-induced Pd agglomeration. 
From the TEM, CO chemisorption and XRD results, it is clearly shown 

that the Pd sites on both Fredry and 80dry samples are agglomerated to 
Pd nanoparticles or larger Pd nanoparticles under the high CO concen
tration, which is the main reason for PNA degradation. Meanwhile, the 
Pd sites of the Fredry sample showed a better stability towards the CO- 
induced sintering. To further discriminate the changes in different Pd 
sites in Fredry and 80dry, in-situ DRIFT during CO adsorption was 
subsequently conducted as shown in Fig. 6. CO has been widely used as a 
probe molecule to detect the different Pd sites on zeolites [41–48]. The 
Pd/SSZ-13 sample first adsorbed 4000 ppm CO/Ar for 20 min at 30 ◦C, 
then it was purged by pure Ar for 5 min to remove the weakly adsorbed 
and gas phase CO. The peaks 2211 cm− 1 and 2190 cm− 1 can be attrib
uted to CO adsorbed on Pd+2/2Al ions [44,47]. Compared to the Fredry 
sample, there are more Pd2+/2Al ions existing on the 80dry sample, 
while they are vulnerable towards CO degradation because the CO- 
Pd2+/2Al peak intensity decreases for the 80dry-used sample. The peak 
at 2111 cm− 1 can be attributed to linearly adsorbed CO on metallic Pd 
clusters [49,50], and the one at 1895 cm− 1 assigned to bridged car
bonyls on Pd0 and multi-bridged carbonyls on small Pd clusters [43,48]. 
After CO degradation, the relative intensity of linear CO-Pd0 decreased 
for both samples, indicating the agglomeration of Pd0 sites happens 
under high CO concentration. The peaks at 2127 cm− 1 and 2146 cm− 1 

represent CO adsorption on ionic ZPd(OH)+ complexes [43,46,47], and 
the peak at 2164 cm− 1 can be attributed to CO adsorption on surface [Pd 
(OH)]+ [50–52]. The CO-ZPd(OH)+ peaks are dominant among all the 
peaks before and after CO degradation over both Fredry and 80dry 
samples, indicating the ZPd(OH)+ sites have a better stability towards 
CO degradation than other Pd sites. It is clearly demonstrated from the 
spectra that the Fredry sample contains more stable ZPd(OH)+ sites, 
while the proportion of PdOx clusters and Pd2+/2Al in the 80dry sample 
is higher. This is because during the freeze-drying procedure, the 
impregnated Pd ionic solution was frozen inside the SSZ-13 channel and 
this was more favorable to form ion-exchanged Pd sites after drying. In 
contrast, during the drying process at 80 ◦C, the Pd ionic solution more 
favorably migrates outside SSZ-13 channels to form PdOx clusters. 
Furthermore, it also can be inferred from the change of relative intensity 
of CO-Pd0 peaks that the stability of Pd0 clusters on Fredry is higher than 
that for 80dry. This is because the freeze-drying process assists the 
generation of Pd0/PdO clusters inside the SSZ-13 channel, which can 

Fig. 5. XRD patterns of PNA samples before and after CO degradation.  
Fig. 6. In situ DRIFT of CO adsorption on PNA samples. The Pd/SSZ-13 sample 
first adsorbed 4000 ppm CO/Ar for 20 min at 30 ◦C, then it was purged by pure 
Ar for 5 min before collecting the spectra. 
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Fig. 7. NO and NO2 profiles of selected PNA cycles in experimental evaluation and kinetic modeling over Fredry and 80dry samples. Reaction conditions: 200 ppm 
NOx, 4000 ppm CO (in cycle 3-cycle 7), 5 %H2O, 8 % O2. Full-cycle profiles are shown in Figure S5–S7. 
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specially restrict agglomeration. After the PNA test under a high CO 
concentration, a great loss of CO-Pd0 peak intensity could be seen for the 
80dry sample, indicating that the PdOx clusters are more vulnerable to a 
high CO concentration causing their migration into large Pd nano
particles with less exposed surface Pd sites. Note that the peak at 2146 

cm− 1 still dominates for both the Fredry-used and 80dry-used samples, 
demonstrating that there is still a considerable amount of ZPd(OH)+ that 
existing after CO degradation. 

4.3. Kinetic model for CO induced degradation 

Owing to the different changes in PdOx sites and ion-exchanged Pd 
sites after CO degradation, it is important to investigate the different 
sintering modes of these Pd sites, and obtain knowledge for increasing 
the stability of Pd sites when designing PNA materials. Herein, we 
conducted kinetic modeling for the PNA performance of both Fredry and 
80dry. The kinetic model used is from our previously reported work 
[17], which contains (1) NOx adsorption on initial Pd sites, (2) Pd2+ sites 
reduced by CO, (3) Ostwald ripening of initial Pd sites to Pd nano
particles, and (4) Pd particle migration to form large Pd nanoparticles. 
Detailed information about this kinetic model and reaction steps can be 
found above in Section 3. Kinetic modeling. 

All the parameters for the kinetic modeling are listed in Table S2 and 
Table S3. As demonstrated via in situ DRIFT of CO adsorption (Fig. 6), 
there is a considerable amount of ion-exchanged Pd sites still existing 
after CO degradation, while most of the PdOx sites sintered. Further
more, it can be seen in Fig. 1 that the NOx desorption peaks before 
adding CO (Cycle 2) and after adding CO (Cycle 8) were in different 
positions. These results indicate that the high CO concentration also 
weakened the interaction between NOx and ion-exchanged Pd sites, 
resulting in the desorption peak shifting to a lower temperature after CO 
degradation. Therefore, different parameter values were used for the 
ion-exchanged Pd sites before and after cycle 3 for the simulation. The 
experimental and kinetic modeling results of selected cycles are shown 
in Fig. 7, and the full-cycle results are shown in Figure S5 to Figure S7. 

Table 6 
Attributed reactions for peaks according to kinetic model results.  

Cycles Peak temperature 
(oC) 

Corresponding reactions 

1–2 160 Z-Pd2+Z-–NO2 desorption (R2) 
Z-[PdOH]+ reduction (R4) and Z-Pd- adsorb NO 
(R5) 
Pd(NO3)2 formation and decomposition (R7, R8) 

240 Z-Pd2+Z-–NO desorption in 80dry (R1) 
330 Z-Pd2+Z-–NO desorption in Fredry (R1) 
442 Z-Pd-–NO desorption (R5)  

3–7 160 Pde and PdN adsorb NO (R27, R33) 
PdN-NO desorption (R33) 

220 Pde-NO desorption (R27) 
230 Pde-NO oxidation (R28) 
330 Z-H+-Pd0-NO desorption (R13, R21) 
470 NO oxidation on Pd/PdO (R30, R36)  

8 160 Z-[PdOH]+ reduction (R4) and Z-Pd- adsorb NO 
(R5) 

240 Z-Pd2+Z-–NO desorption (R1) 
330 Z-Pd-–NO desorption in 80dry (R5) 
369 Z-Pd-–NO desorption in Fredry (R5) 
470 NO oxidation on Pd/PdO (R30, R36)  

Fig. 8. Model-predicted coverage of initial Pd sites (A) and amount of Pd sites (B) of Fredry and 80dry samples in each cycle. C: Mechanism of sintering of different 
Pd sites. 
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The NOx profiles from experiments and kinetic simulations agree well 
for both Fredry and 80dry samples, indicating that the CO degradation 
behaviors of Fredry and 80dry still follow our kinetic model with NOx 
storage, Ostwald ripening and particle migration [17]. Owing to a large 
quantity of Pd sites and adsorbed species changing during the PNA 
evaluation process, the coverage data for all species obtained from the 
kinetic simulation is massive. Herein, we only summarize the peaks 
attributed in each cycle to the species coverage of the kinetic model, as 
listed in Table 6. All the peaks are also marked in Fig. 7 to enable a better 
understanding. 

From the kinetic model results (Fig. 7 and Table 5) in cycle 2, it can 
be seen that both Z-Pd2+Z- and Z-[PdOH]+ adsorb NOx species at the 
beginning of the cycle. The first NO consumption peak and NO2 gener
ation peak appear at 160 ◦C, which can be attributed to Z-Pd2+Z-–NO2 
desorption (R2), Z-[PdOH]+ reduction to Z-Pd- (R4) and subsequently 
adsorbed NO (R5). Pd(NO3)2 formation and decomposition (R7, R8) also 
contribute to these peaks. The temperatures of NO desorbed from 
Z-Pd2+Z- were different for Fredry (330 ◦C) and 80dry (240 ◦C). This is 
because the different drying processes influenced the properties of the 
ion-exchanged Pd sites. The peak at 442 ◦C can be attributed to NO 
release from Z-Pd- because it has strong interaction with NO [23,40,53]. 

From cycle 3, 4000 ppm CO was added to simulate a high- 
concentration CO pulse. Most of the initial Pd species, i. e., Z-Pd2+Z-, 
Z-[PdOH]+ and PdO, did not contribute to NOx adsorption and release. 
Instead, they were reduced to metallic sites, Z-H+-Pd0 and Pd0 (R13, 
R15, R19). All the metallic Pd sites started to agglomerate to Pd NPs via 
the Ostwald ripening process (described in Table 3), and the Pd NPs sites 
migrated to large Pd NPs at a lower sintering rate (described in Table 4). 
Therefore, the peak positions are changed in cycle 3. The new peaks at 
160 ◦C, 220 ◦C, 230 ◦C, and 470 ◦C are attributed to NOx desorption and 
NO oxidation on Pd NPs (R27-R30), while the peak at 330 ◦C can be 
attributed to the NO release from Z-H+-Pd0 sites that have not sintered. 
Note that there is an extra NO release peak at ~ 160 ◦C in cycle 3 of 
80dry, which is more obvious in cycle 5 and cycle 7 (Figure S7). This 
peak is attributed to the NO release from large Pd NPs, indicating that a 
greater quantity of large Pd NPs is generated in 80dry than in Fredry 
during CO degradation. Comparing the NO and NO2 profiles from cycle 
3 to cycle 7 (Figure S7), the peak positions did not change but the 
amount of adsorbed NOx decreased. This result indicates that there are 
no new Pd sites generated but instead the Pd sites were gradually 
sintered. 

Cycle 8 was conducted in the absence of CO. According to our in-situ 
DRIFT spectra (Fig. 6), part of the initial ion-exchanged Pd sites 
remained after CO degradation. Therefore, the peaks attributed to 
Z-[PdOH]+ reduction (160 ◦C, R4), Z-Pd2+Z-–NO desorption (240 ◦C, 
R1), and Z-Pd-–NO desorption (330 ◦C for 80dry and 369 ◦C for Fredry, 
R5) still appeared. Notably, the NO release peaks from ion-exchanged 
sites shifted to a lower temperature compared to the profiles before 
CO degradation, indicating that the high CO concentration also changed 
the binding strength between Pd sites and NOx species. The peak at 
470 ◦C remained in cycle 8, originating from NO oxidation on Pd/PdO 
nanoparticles. This peak for 80dry is much more significant than that for 
Fredry, suggesting that more Pd NPs were generated on the 80dry 
sample, which is consistent with our characterization results regarding 
Pd agglomeration. 

4.4. Sintering mechanism of different Pd sites 

The coverages of the initial Pd sites combined with the formed sur
face species during NO and NO2 adsorption were simulated using the 
kinetic model to investigate the degradation behavior of the different Pd 
sites. The Pd sites in their reversibly reduced or reacted forms are 
considered as the same sites because they share the same coverage. Thus 
the coverages of Z-Pd2+Z-, Z-[PdOH]+/Z-Pd-, PdO/Pd(NO3)2 were 
separately summarized, as shown in Fig. 8A. Apparently, PdO sites in 
both Fredry and 80dry drastically deactivated in the first cycle (cycle 3) 

with 4000 ppm CO (note that the yellow and blue lines are overlapping), 
while Z-Pd2+Z- and Z-[PdOH]+ gradually deactivated over all cycles 3–7. 
The Z-Pd2+Z- on 80dry lost its coverage faster than Fredry, showing that 
the ion-exchanged Pd sites on Fredry are more resistant towards CO 
degradation. This result is consistent with our PNA performance results 
and characterizations. Fig. 8B shows the amount of ion-exchanged Pd 
sites (Z-Pd), initial PdOx clusters, Pd NPs and large Pd NPs in each cycle. 
It is clear that the ion-exchanged Pd site has greater tolerance towards 
the high CO concentration than the PdOx sites. Meanwhile, it is evident 
that the agglomeration of Pd NPs to large Pd NPs on the Fredry sample is 
only slightly slower than the same process on 80dry, but this difference 
in rates is negligible. According to the coverages and amount of Pd sites, 
the degradation mode of the different Pd sites can be deduced as shown 
in Fig. 8C. Compared to the ion exchanged Pd sites, PdOx sites are more 
vulnerable to CO degradation, and further, more vulnerable to CO- 
induced Ostwald ripening. With the presence of CO, both ion- 
exchanged Pd sites and PdO sites formed Pd carbonyls, which have a 
high mobility at room temperature [18]. The Pd carbonyls formed from 
ion-exchanged Pd sites are restricted by the SSZ-13 channel, which 
further suppresses the Ostwald ripening. After forming Pd nanoparticles, 
Ostwald ripening contributes less to deactivation owing to the relatively 
higher stability of surface Pd atoms on large-size PdO NPs [19]. Particle 
migration of PdO NPs becomes dominant and contributes almost equally 
to the degradation of both Fredry and 80dry samples. 

5. Conclusions 

In this work, we fabricated a novel form of Pd/SSZ-13 by using a 
freeze-drying process after incipient wetness impregnation. A multicycle 
PNA evaluation with high CO concentration was conducted to simulate 
the multicycle cold start periods of an engine. Under extremely 
concentrated CO (~4000 ppm), the freeze-dried Pd/SSZ-13 was found 
to have better stability than the sample prepared by the more common 
process of drying at 80 ◦C. Especially, the freeze-dried Pd/SSZ-13 
maintained the same NOx storage amount after the first cycle of CO 
degradation, while in the same cycle, the 80 ◦C-dried Pd/SSZ-13 suf
fered from a huge loss of NOx storage amount. Several characterization 
techniques, including XRD, CO chemisorption and TEM were conducted 
on the Pd/SSZ-13 before and after the PNA test, and it was clearly found 
that the Pd sites on the freeze-dried sample were more stable towards 
CO-induced agglomeration. Combing in-situ DRIFT and a kinetic 
modelling study, we found that the freeze-dried Pd/SSZ-13 had more 
ion-exchanged Pd sites than 80 ◦C-dried Pd/SSZ-13. The ion-exchanged 
Pd sites in SSZ-13 have greater resistance towards the CO-induced 
Ostwald ripening process, consequently suppressing the sintering 
behavior under a high concentration of CO. These findings provide po
tential ideas to design PNA materials with increased stability under 
conditions with extremely high CO concentration pulses from incom
plete fuel combustion during cold start. 
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