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Abstract

Pd-based zeolite materials have gained significant attention as passive NOx adsorbers (PNAs) for 
diesel-engine cold-start NOx mitigation due to their ability to store NOx at low temperatures. 
Pd/ZSM-5 is a promising PNA candidate, however, the NO adsorption mechanism over this 
material is not well understood. This study combines flow reactor experiments and surface 
spectroscopy to investigate NO adsorption under a variety of conditions. The state of hydration of 
the Pd cations played an important role in determining the impact of H2O and CO concentration 
on the PNA performance. Below 150 °C, the inhibition effect of H2O on NO adsorption was 
mitigated by CO. Due to dehydration, neither H2O nor CO had an impact on NO uptake at 150 °C, 
where maximum NO storage capacity of the PNA was also observed. The observed gas 
composition and temperature effects on NO adsorption and formation of surface intermediates 
ultimately inform a proposed mechanism.

Key words: Cold start; Emissions; Passive NOx adsorber; NOx storage; Adsorption mechanism; 
Palladium zeolite catalyst
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1. Introduction
NOx (oxides of nitrogen) abatement technologies for diesel-engine exhaust aftertreatment 

include state-of-the-art ammonia/urea selective catalytic reduction (SCR) systems which are 
effective above 200 °C [1–3]. Control of cold-start NOx emissions below 200 °C is critical for 
meeting the increasingly stringent NOx emissions regulations for lean-burn diesel-fueled vehicles, 
establishing a need for efficient low temperature catalysis and trap materials [4–8]. 

Multiple studies have investigated passive NOx adsorbers (PNA), which trap NOx at low 
temperatures and release NOx at temperatures above which the urea SCR system can efficiently 
eliminate NOx emissions from the vehicle [5,6,8–15]. Chen and coworkers were the first to report 
that Pd ion-exchanged zeolites show superior NOx storage capacity and sulfur tolerance when 
compared to metal-oxide supported NOx adsorbers under complex exhaust compositions [16]. Pd 
ion-exchanged zeolites have since garnered significant attention and studies are converging on the 
agreement that Pd2+ cations within the zeolite framework trap NOx at low temperatures in the 
presence of excess oxygen typical of diesel-engine exhausts, thus providing a possible pathway to 
mitigating cold-start NOx emissions [17–19]. The NOx storage capacity, NOx release temperature 
from the PNA, rate of NOx adsorption and durability of the PNA have been found to be influenced 
by several parameters such as the type of zeolite, synthesis method, activation strategy, and exhaust 
composition [6,9,14,17,20–24]. 

Pd/BEA, Pd/SSZ-13 and Pd/ZSM-5 exhibit significant NOx trapping capacities; however, 
their NOx desorption profiles, specifically the temperature window of NOx release, appear unique 
to the type of PNA [12,16]. The relatively low NOx desorption temperature window for Pd/BEA 
(180 - 250 °C) could result in NOx release before the downstream SCR catalyst can achieve high 
NOx conversions while the higher NOx desorption temperature for Pd/SSZ-13 (280 - 450 °C) 
could make regeneration of the PNA challenging under realistic exhaust conditions [12,14,16,25]. 
For diesel engine aftertreatment systems, Pd/ZSM-5 is promising as a PNA since its NOx release 
temperature window is between 200 to 400 °C [11,12,16]. Furthermore, Pd/ZSM-5 has also been 
reported to simultaneously trap hydrocarbon species along with NO at low temperatures, making 
it potentially a bi-functional trapping material for cold-start applications [26]. 

Pd speciation and the NO adsorption mechanism on Pd/zeolites have been extensively 
investigated under idealized conditions [27–30]; however, while Pd/ZSM-5 is an interesting PNA 
candidate, the nature of Pd within a ZSM-5 zeolite and its speciation under realistic exhaust 
conditions is not well understood, which is critical to fully understand the NO adsorption 
mechanism. While experimental studies on PNAs have proposed several possible NOx storage 
sites and NOx adsorption mechanisms, the literature has not converged on the mechanism of a 
system that involves H2O, NO and CO [12,22,31–33]. 

The current contribution focuses on gaining a better understanding of the underlying 
chemistry involved in the NO adsorption and desorption phenomena on Pd/ZSM-5 PNAs through 
flow reactor experiments and in-situ diffuse reflectance infra-red Fourier-transform spectroscopy 
(DRIFTS) investigations. The flow reactor experiments include a systematic study on the effects 
of gas composition (including changes in NO, CO, O2, H2O and CO2 concentrations) and 
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temperature on PNA NO uptake and release. DRIFTS studies were used to characterize surface 
species formed during NO adsorption and the effect of hydration, NO adsorption temperature, and 
CO on Pd speciation. A mechanism capturing the key observations from the flow reactor 
experiments and the surface intermediates confirmed by DRIFTS studies is proposed, which could 
form the foundation for future modelling efforts as well as inform future PNA formulation efforts. 

2. Experimental Methods
2.1. Passive NOx adsorber (PNA)

The core sample (2.0 cm by 5.0 cm) used in this study is a model Diesel Cold Start Catalyst 
Concept (dCSCTM) component obtained from Johnson Matthey. The passive NOx adsorber (PNA) 
was Pd-exchanged ZSM-5 with a Pd loading of 1.8g/L. The PNA was washcoated onto a 400 cpsi 
cordierite monolith core. The PNA was degreened at 600 °C for 4 h in 10% O2 and 7% H2O prior 
to running any experiments. 

2.2. Set-up for flow reactor experiments
A LabVIEW (National Instruments)-controlled synthetic exhaust flow reactor system was 

used to conduct NO uptake/release experiments on the PNA. The reactor schematic is shown 
elsewhere [34,35]. MKS Instruments mass-flow controllers were used to vary the composition of 
the feed to understand the impact of the various constituents on NO adsorption on the PNA. Water 
vapor was added into the reaction mixture using an HPLC pump (Eldex Optos 1LMP) and a 
custom-built water-preheater assembly [34]. Pneumatically controlled 4-way valves (Valco 
A24UWE) were used to introduce CO and NO to achieve step changes in composition during the 
bypass and adsorption steps. 

The Pd/ZSM-5 core sample was wrapped in non-woven alumina (Cotronics) tape and 
loaded in a 25 mm OD quartz tube. The quartz reactor tube was packed with smaller quartz tubes 
(3 mm OD, 1mm ID) upstream of the PNA core sample to increase heat transfer to the feed gas. 
To ensure isothermal conditions across the PNA, five K-type thermocouples were placed into the 
reactor at the following points: (i) 5 mm upstream of the catalyst inlet, (ii) in a central catalyst 
channel at the axial mid-point, (iii) in a radial catalyst channel at the axial mid-point, (iv) in a 
central catalyst channel at the catalyst outlet, and (v) in a radial catalyst channel at the catalyst 
outlet. The quartz tube reactor assembly was then placed into a furnace (Lindberg Blue/M), which 
was downstream from another identical furnace used to preheat the gases, to facilitate isothermal 
conditions. The exit stream composition from the reactor was analyzed using a Multigas 2030HS 
FTIR spectrometer (MKS Instruments). O2 concentrations were not directly measured during these 
experiments. Inlet O2 concentrations were verified from the flows measured by the mass flow 
controllers.

2.3. Experimental protocol: NO adsorption and temperature programmed desorption 
(TPD)
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A systematic study was conducted by varying the NO exposure conditions (as summarized 
in Table 1 below) to understand the impact of each of the parameters on NO uptake and release. 

Table 1: NO exposure conditions
Parameter Range Baseline Conditions

NO 25 - 1600 ppm 200 ppm
CO 50 - 800 ppm 200 ppm
O2 1 - 13% 10%

H2O 5 - 13% 7%
CO2 0 - 13% 0%
N2 -- Balance

Adsorption 
Temperature

75 - 225 °C 100 °C

Gas Hourly Space 
Velocity (GHSV)

-- 30000 hr-1

The experimental protocol used to measure NO uptake and release is shown in Table 2; the 
temperatures and concentrations listed from step 3 to step 6 are for the “baseline” conditions, but 
they varied in other experiments. Concentrations for steps 1 and 2 are constant for all the 
experiments performed. Each experiment began with a pretreatment at 600 °C to ensure that all 
the NO stored in the prior experiment had been released and the Pd was in a fully oxidized state. 
After the pretreatment, the PNA sample was cooled to the desired operating temperature under 
the O2, H2O, and CO2 concentrations used in the exposure step. After the PNA temperature was 
stable, CO was introduced. Five minutes later, NO was introduced. The NO exposure step 
continued until the measured NO outlet concentration achieved a steady state. The time to reach 
steady state varied with the NO concentration and temperature, but generally was 10-20 min. 
After the NO concentration achieved a steady state, the NO was switched off and the catalyst 
temperature was ramped to 600 °C at 20 °C/min. The catalyst was held at 600 °C for 10 min 
before proceeding to the next experiment. 

Table 2. Experiment protocol with sample conditions
Step Description Time

(min)
T

(°C)
NO

(ppm)
CO

(ppm)
O2

(%)
H2O
(%)

1 Pretreat 30 600 0 0 10 7
2 Cool varies 600-100 0 0 10 7
3 Start CO 5 100 0 200 10 7
4 NO exposure varies 100 200 200 10 7
5 TPD 25 100-600 0 200 10 7
6 Hold 10 600 0 200 10 7
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2.4. In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
In order to gain insights into the surface intermediates and reactions on the PNA during 

NO adsorption, experiments were conducted using DRIFTS on an Agilent Cary 670 FTIR 
spectrometer. A Harrick Praying Mantis DRIFTS accessory coupled with a liquid nitrogen-cooled 
mercury-cadmium-telluride (MCT) detector was used to collect the spectra. The DRIFTS 
accessory consisted of a Harrick high temperature reaction chamber with ZnSe windows along 
with gas flow capabilities designed for in-situ analysis of the surface of the sample. A thin layer 
of the washcoated sample (~0.3 cm2) from the degreened Pd/ZSM-5 core was placed on a bed of 
stainless-steel beads in the sample holder. A bank of mass flow controllers was used to control the 
composition of the gas flowing over the sample. The NO, CO and O2 concentrations matched those 
used in the flow reactor and are listed in Table 2. 1 or 4.5 % H2O was introduced to the feed using 
a saturator immersed in a recirculating constant temperature bath. Prior to NO adsorption, the 
sample was pretreated at 550 °C in the presence of 10% O2 for 30 min and then cooled to the 
relevant NO adsorption temperature in 10% O2. 64 spectra were averaged for background 
collection under appropriate conditions and 32 spectra were averaged for sample spectra. Spectra 
were collected during NO adsorption under various feed conditions until saturation followed by 
temperature programmed desorption (TPD) from the adsorption temperature to 500 °C to release 
the stored NO. Additionally, the interaction between NO and CO during NO adsorption was 
investigated by introducing CO before and during NO exposure.

3. Results and Discussion
Consistent with previously reported observations, preliminary experiments revealed that 

the NO storage capacity of the Pd/ZSM-5 material initially decreased with each experiment 
[25,36,37]. Since this degradation confounded attempts to investigate the impacts of operating 
conditions on NO storage and release, dozens of NO storage-release cycles were conducted under 
the baseline conditions until the subsequent measured NO storage capacity was stable. The initial 
NO storage capacity corresponded to a NO:Pd ratio of 0.4 based on total Pd loading. After dozens 
of cycles, the stabilized NO:Pd ratio dropped to 0.2. While this Pd utilization is lower than what 
has been reported in the literature for other Pd-zeolite PNAs prior to any degradation, and is non-
optimal from a device size and cost standpoint, experiments conducted still provide useful insights 
into the mechanisms for NO storage and release on the stable Pd sites still active for storage. 

To characterize the initial Pd speciation in Pd/ZSM-5, in-situ DRIFTS spectra were 
collected during PNA exposure to 200 ppm NO and 10% O2 under dry conditions, followed by an 
Ar purge. IR peaks at 2128 cm-1, 1873 cm-1, 1839 cm-1 and the broad IR bands in the 1500 to 1700 
cm-1 range observed in Figure 1 have been identified based on surface chemistry studies of the 
interaction between NO and Pd/ZSM-5 under ultra-high vacuum conditions [27,29,30,38,39]. The 
wide IR band centered at 2128 cm-1 has been assigned to the linear N-O stretching frequency of 
NO+ interacting with AlO2

- from the zeolite framework [30,38,40]. Consistent with observations 
reported in literature, the peak intensity at 2128 cm-1 decreased significantly during the Ar purge 
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at 100 °C, indicating that this interaction is relatively weak [27]. Formation of nitrates , indicated 
by the IR bands in the 1600 cm-1 region, can be facilitated via evolution of NO2 by PdO and 
Bronsted acid sites [38,41]. However, the nitrate species are generally not coordinated with Pd 
cations and thus provide no information about the initial Pd speciation in the zeolite framework. 

The IR peak assignments, 1873 and 1839 cm-1, associated with NO adsorbed on cationic 
Pd species and the molecular structure of the corresponding surface intermediates are contentious 
in the literature. Descorme et al. assigned the two IR features at 1873 and 1839 cm-1 to the 
stretching frequencies of NO directly coordinated with Pd2+ and Pd+ cations, respectively, and 
proposed the reduction of Pd2+ to Pd+ upon NO exposure, which was supported by simultaneous 
NO2 formation [27]. The existence of Pd+ is where the contention lies, as direct characterization 
of Pd+ has only been reported for Pd/Y after H2 exposure [42,43]. Pd2+ cationic species, on the 
other hand, have been more widely observed within different zeolitic systems, likely due to the 
thermodynamically favored four-coordinated structure [44]. Furthermore, the NO stretching 
frequencies of the Pd2+-NO complexes depend on the zeolite topology and aluminum distribution 
[18,28]. Although understanding the exact molecular structures of cationic Pd-NO species is not 
the focus of this work, Figure 1 indicates that there are at least two different Pd-NO complexes in 
the absence of H2O. We, therefore, attribute IR features at 1873 and 1839 cm-1 to NO adsorbed on 
two different Pd2+ entities that locate at different ion-exchange positions, and experience different 
ligand environments, for example, Z2Pd and ZPdOH. Hence, NO adsorption on cationic Pd under 
dry conditions can be represented by equations (E1) and (E2): 

𝑍2[𝑃𝑑𝐼𝐼] +𝑁𝑂⇌𝑍2 𝑃𝑑𝐼𝐼(𝑁𝑂)        (E1)
𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻) +𝑁𝑂⇌𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝑁𝑂) (E2)

The proposed mechanism will be expanded from equations (E1) and (E2) in the following sections 
to incorporate the effects of changing the various NO exposure conditions summarized in Table 1 
and to include the key surface intermediates identified through in-situ DRIFTS experiments. 
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Figure 1: In-situ time-resolved DRIFTS spectra collected at 45 s intervals (final spectrum in red) 
during NO adsorption on a degreened Pd/ZSM-5 PNA sample at 100 °C under dry conditions. 
Feed conditions: 200 ppm NO, 10% O2, balance N2. 

Once the stability of the PNA and initial Pd states were established, a systematic 
investigation was carried out by varying the NO exposure conditions to gain an understanding of 
the impact of each of the parameters in Table 1 on the NO storage and release. A separate set of 
experiments was conducted to understand the effect of each NO exposure parameter listed in Table 
1. Every set of experiments included the baseline conditions to ensure consistency in the behavior 
of the PNA over time.

Figure 2 shows the measured catalyst temperatures and outlet concentrations of CO, NO, 
and CO2 during an experiment conducted under the baseline NO exposure conditions detailed in 
Table 1. Aside from providing a visual summary of the protocol that was used for most of the 
experiments, this data set illustrates a few other key points about the behavior of the Pd/ZSM-5 
PNA under the protocol used for this study. Figure 2(a) shows all five thermocouple temperatures 
and demonstrates that the PNA was under isothermal conditions (±2 °C) during the adsorption 
step. The NO concentration profile in Figure 2(b) shows a delay between when the NO is first 
turned on and when NO is first observed in the reactor outlet, i.e., when NO starts to break through. 
This time period of complete uptake demonstrates that the Pd/ZSM-5 material is effective as a 
passive NOx adsorber. Total NO uptake for each experiment was calculated by integrating the 
difference between the NO inlet concentration and the NO breakthrough profile. Total NO release 
was calculated by integrating the area under the NO concentration profile during the TPD. The 
calculated uptake and release were within experimental error for all the experiments conducted, 
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indicating that all the NO stored during the adsorption step is released during the TPD as NO; 
formation of other oxides of nitrogen such as NO2 or N2O was not observed during the experiments 
reported here.

In addition to providing a second measure of NO storage, the TPD portion of the 
experiment protocol also allows measurement of the temperatures at which NO is released from 
the Pd/ZSM-5 PNA. For the baseline experiment shown in Figure 2 and all subsequent 
experiments below, the NO adsorbed on the PNA was released between 200 to 400 °C. Typical 
diesel exhaust systems rely on a urea selective catalytic reduction (SCR) system to eliminate NOx 
emissions from the vehicle when the exhaust temperature is above 200 °C. With NO release onset 
at 200 °C and NO being trapped at low temperatures, Pd/ZSM-5 has the right PNA properties to 
mitigate cold-start NOx emissions.

The CO concentration profile in Figure 2(c) shows two interesting features. At the very 
beginning of the experiment, when CO is first turned on, there is a period of time before the CO 
concentration reaches a steady state. Since the CO2 concentration in Figure 2(d) is steady during 
the same time period, the slow approach of the CO concentration to steady state is likely due to 
CO being stored on the PNA. This explanation is further supported by the increase in CO 
concentration when NO is introduced – the NO appears to displace the CO from the storage sites. 
Integrating the transient CO profiles reveals that all the CO stored at the beginning of the 
experiment is released upon introduction of NO. This implies that NO adsorption strongly inhibits 
CO adsorption and there is no evidence for co-adsorption of NO and CO on this Pd/ZSM-5 under 
these operating conditions.

The CO2 concentration profile in Figure 2(d) also yields some insights into the PNA 
behavior. CO2 formation upon introduction of CO indicates activity for CO oxidation both 
catalytically and stoichiometrically even at 100 °C, the ratio between the two is better displayed 
in the supporting information Figure S2. This CO2 formation almost completely disappears upon 
introduction of NO, consistent with the theory that the NO is displacing CO from the PNA as 
shown above and blocking the active sites for CO oxidation [40]. Additionally, a non-typical CO 
oxidation light-off behavior was observed during the temperature ramp at around 150 °C. As we 
will discuss later, this non-typical change in CO oxidation activity is due to the dehydration of Pd 
cations.
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Figure 2: Baseline experimental dataset showing (a) temperature profiles of 5 thermocouples in 
the reactor, (b) NO concentration profiles, (c) CO concentration profiles, and (d) CO2 
concentration profiles at 100 °C before NO introduction, during isothermal NO adsorption, and 
during TPD from 100-500 °C. Feed conditions: 200 ppm NO, 200 ppm CO, 10% O2, 7% H2O, 0% 
CO2, GHSV 30,000 hr-1

3.1. Effect of CO2

In order to understand the effect of CO2 concentration on NO storage and release, the 
concentration of CO2 was varied from 0 to 13% while keeping the concentrations of the other 
constituents in the feed constant. In Figure 3 (a), the NO concentration profiles during NO 
adsorption on the PNA at 100 °C show that the NO uptake rate on the PNA does not change as the 
CO2 concentration is varied. Furthermore, as shown in Figure 3 (b), the NO concentration profiles 
observed during the TPD from 100 to 500 °C, which are indicative of both the NO storage capacity 
and the stability of the stored NO, also remain unchanged as the CO2 concentration is increased 
from 0 to 13%. As CO2 does not have a significant impact on either the NO uptake rate or the NO 
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storage capacity of the PNA, it plays no role in the mechanisms for NO storage and release. For 
the sake of simplicity, CO2 has been excluded from the feed conditions in the experiments 
discussed in the following sections. 

Since CO2 concentration has no effect on NO storage and release on the PNA, the data 
obtained during the six experiments plotted in Figure 3 provide evidence for the reproducibility 
of both the experimental apparatus and the PNA material. The agreement between the NO 
adsorbed quantities is consistent, as well as for the amounts desorbed, for all the experiments 
presented in this paper. The desorbed quantity being slightly higher than the adsorbed quantity 
may be due to nonlinearities in the FTIR calibration – the measured NO concentrations during the 
TPD are quite low (< 25 ppm), and small offsets in the measured concentration integrated over 
long time periods could add up to the observed difference.
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Figure 3: NO concentration profiles during (a) NO adsorption on at 100 °C and (b) TPD from 
100-500 °C and, (c) total NO storage measured from NO adsorbed at 100 °C (solid fill) and NO 
desorbed during TPD from 100-500 °C (diagonal line fill) as the CO2 concentration is varied in 
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experiments conducted with Pd/ZSM-5. Feed conditions: 200 ppm NO, 200 ppm CO, 10% O2, 7% 
H2O, 0-13% CO2, GHSV 30,000 hr-1

3.2. Effect of O2 

The inlet O2 concentration was varied from 1 to 13% to understand the impact of O2 on the 
NO storage and release. As the Pd/ZSM-5 is a model PNA for diesel applications [9], the exhaust 
composition contained sufficient O2 in all experiments to maintain net lean operating conditions. 
The NO concentration profiles during NO exposure to the PNA at 100 °C in Figure S1 (a) show 
that increasing the O2 concentration from 1 to 13% did not have a significant effect on the NO 
uptake rate of the PNA. Additionally, the NO concentration profiles during the TPD (data not 
shown for brevity) from 100 to 500 °C showed minimal variation with the O2 concentration in the 
feed. The release profiles showed that the NO storage capacity was essentially unchanged, 
although the NO was released at slightly lower temperatures as the O2 concentration was increased. 
This was a minor effect overall, so variations with O2 concentration were not considered in the 
development of the NO storage and release mechanism.

3.3. Effect of NO concentration
In order to understand the impact of NO concentration on the NO storage and release, NO 

concentration was varied from 25 to 1600 ppm during NO exposure under isothermal conditions 
at 100 °C. Figure 4 (a) - (g) shows that increasing the NO concentration during NO adsorption 
reduces the time to NO breakthrough. This is not surprising since the available NO storage sites 
will fill faster at higher NO flux. Interestingly, even at the highest NO concentration, there is still 
a time period at the beginning of NO exposure during which all the NO is being stored –the rate 
of NO uptake increases with NO concentration to compensate for the higher levels of NO in the 
feed gas, although complete uptake depends on the operating space velocity. Consistent with this 
observation, Figure 4 (h) shows an apparent first order dependence of NO adsorption rate on NO 
concentration when the adsorption rates were calculated at 95% storage capacity, i.e., when 95% 
of available Pd sites are occupied by NO.

Figure 4 (i) shows the integrated NO storage during isothermal adsorption and release 
during the TPD as the inlet NO concentration was varied. The NO storage capacity of the Pd/ZSM-
5 is essentially unchanged even as the NO concentration is varied over two orders of magnitude. 
Thus, for the adsorption conditions investigated here, the equilibrium between gas phase NO and 
adsorbed NO lies towards the latter. 
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Figure 4: NO concentration profiles during NO adsorption on Pd/ZSM-5 at 100 °C at different 
NO concentrations (in ppm): (a) 25, (b) 50, (c) 100, (d) 200, (e) 400, (f) 800, (g) 1600, (h) rate of 
NO adsorption calculated at 95% NO storage capacity as a function of NO concentration and (i) 
total NO storage as measured from NO adsorbed at 100 °C (solid fill) and NO desorbed during 
TPD from 100-500 °C (diagonal line fill) as the NO concentration is varied in experiments 
conducted with Pd/ZSM-5. Feed conditions: 25-1600 ppm NO, 200 ppm CO, 10% O2, 7% H2O, 
0% CO2, GHSV 30,000 hr-1 

3.4. Effect of NO adsorption temperature
To understand the impact of NO exposure temperature on the NO storage and release, the 

NO adsorption temperature was varied from 75 to 225 °C in 25 °C increments. For successful use 
as part of a diesel aftertreatment system to mitigate cold-start NOx emissions, ideally, the PNA 
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should be most effective at trapping NOx below 200 °C. Beyond this temperature, the urea SCR 
system can efficiently reduce NOx emissions under lean conditions. As the feed contained 7% 
H2O, 75 °C was selected as the lower limit for the NO adsorption temperature in the current study 
to prevent the complications of H2O condensation in the flow reactor. 

Consistent with observations reported by Chen et al., the NO concentration profiles during 
isothermal NO adsorption experiments conducted at adsorption temperatures ranging from 75 to 
225 °C in Figure 5 reveal two distinct trends in the NO uptake on the PNA [9]. As the temperature 
for NO exposure is increased from 75 to 150 °C, the NO uptake on the PNA increases. On further 
increase in the NO adsorption temperature from 175 to 225 °C, the NO uptake decreases. Figure 
5 (h), which shows the integrated NO uptake and release as a function of adsorption temperature, 
clearly demonstrates that the NO storage capacity of the Pd/ZSM-5 attained a maximum at 150 °C. 

The decrease in NO storage at temperatures above 150 °C is expected, and indeed 
necessary for the Pd/ZSM-5 to operate as a PNA – the NO stored at low temperatures must be 
released at higher temperatures for a PNA to be useful. Increasing temperature decreases the 
stability of the adsorbed NO until the equilibrium reaction favors NO release. The increase in NO 
storage at temperatures below 150 °C will be explained when including the effect of H2O and Pd 
dehydration as described in the next section.
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Figure 5: NO concentration profiles during NO adsorption on Pd/ZSM-5 at (a) 75, (b) 100, (c) 
125, (d) 150, (e) 175, (f) 200, (g) 225 °C and, (h) total NO storage on the PNA measured from 
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NO adsorbed (solid fill) and NO desorbed during TPD (diagonal line fill) as the NO adsorption 
temperature is varied from 75 °C to 225 °C in experiments conducted with Pd/ZSM-5. Feed 
conditions: 200 ppm NO, 200 ppm CO, 10% O2, 7% H2O, 0% CO2, GHSV 30,000 hr-1

3.5. Effect of H2O
The impact of H2O on the NO storage and release was investigated by varying the H2O 

concentration in the feed from 5 to 13% during isothermal NO adsorption at 100 °C as well as at 
150 °C. From the NO concentration profiles during NO exposure at 100 °C displayed in Figure 6 
(a), as the concentration of H2O in the reaction feed is increased from 5 to 9%, the NO uptake rate 
decreases. Upon increasing the H2O concentration in the feed beyond 9%, the NO uptake rate 
remains unchanged. Interestingly, the wet NO storage (Figure 6 (b)) capacity is essentially 
independent of the H2O concentration. At the 100 °C adsorption temperature, H2O appears to slow 
the kinetics of NO uptake but does not prevent NO from storing at the Pd sites. The lack of an 
inhibiting effect of increasing H2O concentration on NO storage capacity seems to contradict 
observations that were reported by Zheng et al.[12], who saw significant loss in capacity. However, 
their comparisons were between dry and water-containing conditions. They attributed the loss to 
competitive adsorption of NO and H2O on the NO storage sites. Starting with 5% H2O here, this 
competition could already be saturated. As observed in Figure 6 (c), when NO is adsorbed on the 
PNA at 150 °C, varying the H2O concentration in the feed has minimal impact on the NO uptake 
rate on the PNA. Furthermore, consistent with findings reported in the earlier section (3.4), the NO 
uptake rate during isothermal NO exposure is higher at 150 °C for all the H2O concentrations 
considered in this study. The H2O inhibition of the rate of NO uptake at 100 °C is not observed at 
150 °C. 
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Figure 6: (a) NO concentration profiles during NO adsorption at 100 °C and (b) total NO storage 
as measured from NO adsorbed at 100 °C (solid fill) and NO desorbed during TPD from 100-500 
°C (diagonal line fill); (c) NO concentration profiles during NO adsorption at 150 °C and (d) total 
NO storage as measured from NO adsorbed at 150 °C (solid fill) and NO desorbed during TPD 
from 150-500 °C (diagonal line fill) as the H2O concentration is varied in experiments conducted 
with Pd/ZSM-5. Feed conditions: 200 ppm NO, 200 ppm CO, 10% O2, 5-13% H2O, 0% CO2, 
GHSV 30,000 hr-1
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Figure 7: In-situ time-resolved DRIFTS spectra collected at 45 s intervals (final spectrum in red) 
during NO adsorption on a degreened Pd/ZSM-5 PNA sample at 100 °C in the presence of (a), (b) 
1% H2O and (c), (d) 4.5% H2O. Feed conditions: 200 ppm NO, 10% O2, 1% or 4.5% H2O. Note 
the scale bars in (c) and (d) are an order of magnitude different compared to (a) and (b). 
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The formation of hydrated Pd cations in the presence of H2O has been previously reported 
to have a significant influence on the nature of Pd species in the PNA, and therefore, the NO 
adsorption mechanism [21,44,45]. To gain insights into surface intermediates formed on the 
Pd/ZSM-5 PNA under wet conditions, DRIFTS spectra were collected during NO adsorption at 
100 °C in the presence of 1% or 4.5% H2O. Different from Figure 3, the in-situ DRIFTS spectra 
in Figure 7 are collected under wet conditions and demonstrate that as the H2O concentration is 
increased from 1 to 4.5%, the relative intensity of the peaks at 1873 and 1839 cm-1 associated with 
𝑍2 𝑃𝑑𝐼𝐼(𝑁𝑂) , and 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻) , respectively, diminish, accompanied by the simultaneous 
evolution of a new feature at 1818 cm-1. Note that even at 1% H2O, bands associated with NO+ 

(2128 cm-1) and nitrates (~1600 cm-1) disappear. At 4.5% H2O, shown in Figures 7 (c) and (d), 
the peak at 1818 cm-1 dominates the spectra, indicating the evolution of a new Pd-nitrosyl complex 
and a more uniform Pd speciation within the zeolite. These observations somewhat agree with the 
results reported in our previous work on Pd/SSZ-13, where we showed that on exposure to NO 
and H2O, the formation of 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝐻2𝑂)3  leading to the shift of N-O stretching frequency 
to a lower wavenumber. More importantly, when investigating the mobility of the hydrated Pd 
cations via ab-initio molecular dynamics (AIMD) calculations, we found that Pd cations are 
solvated by H2O and detached from the zeolite framework. This effect seems to be independent of 
zeolite topology. However, the formation of 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝐻2𝑂)3  involves the migration of Pd 
cations from a 2Al site to a 1Al site in SSZ-13 along with the oxidation of NO or CO. Although 
this redox reaction has been reported to result in the transient formation of NO2 or CO2 [17,46], in 
the current study, no transient NO2 and insignificant transient CO2 formation was observed in the 
flow reactor experiments. Hence, we attribute the evolution of the IR feature at 1818 cm-1 to the 
formation of a similar hydrated Pd-nitrosyl complex, namely, 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 . This 
variation in Pd speciation is potentially due to the difference in the initial Pd distribution between 
Pd/ZSM-5 and Pd/SSZ-13 as a result of different Al arrangement within the zeolite. 
Mechanistically, these results imply that H2O first reversibly adsorbs on the Pd cations and the 
addition of NO ultimately leads to the formation of 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 . Considering both 
Z2Pd and ZPdOH to start with, this process can be represented by the reactions in equations (E3) 
- (E5):

𝑍2[𝑃𝑑𝐼𝐼] +4𝐻2𝑂⇌𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝐻2𝑂)3 +𝑍𝐻       (E3)
𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻) +3𝐻2𝑂⇌𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝐻2𝑂)3        (E4)
𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝐻2𝑂)3 +𝑁𝑂⇌𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 + 𝐻2𝑂       (E5)

Although initially there are two different Pd cationic species indicated by the number of 
peaks evolved during NO adsorption under dry conditions, Figure 1, Pd cations in ZSM-5 zeolite 
are solvated by H2O via (E3) and (E4) to maintain a four-fold coordinated structure. Ultimately, 
after NO is introduced, 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2  is formed as the only hydrated Pd-nitrosyl 
species regardless of the starting Pd species. The combination of reactions (E3) - (E5) also provides 
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an explanation for the trends in NO adsorption at different adsorption temperatures and is 
consistent with the 1st order dependence on NO concentration noted in Figure 4 (h). At 
temperatures below 150 °C, a significant portion of the Pd ions is in a fully hydrated state, which 
decreases the rate of NO uptake. Increasing the temperature causes some of the H2O to desorb 
from the Pd sites, and the NO uptake rate increases. By 150 °C, much of the H2O has been desorbed 
from the Pd, and the NO uptake is at its maximum according to Figure 5. Since the NO is more 
strongly adsorbed than the H2O (otherwise it would not be able to displace the H2O and adsorb to 
the Pd), it is likely that the H2O desorbs prior to the NO during the TPD. This process is 
summarized in equation (E6) and (E7).

𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 ⇌𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻) +2𝐻2𝑂 (E6)
𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 +𝑍𝐻⇌𝑍2 𝑃𝑑𝐼𝐼(𝑁𝑂) +3𝐻2𝑂 (E7)

Figure 8: In-situ time-resolved DRIFTS spectra collected at 45 s intervals (final spectrum in red) 
during NO adsorption on a degreened Pd/ZSM-5 PNA sample at 175 °C in the presence of 4.5% 
H2O. Feed conditions: 200 ppm NO, 10% O2, 4.5% H2O.

As the flow reactor experiments demonstrated that the effect of H2O on NO uptake rate 
depended on the NO adsorption temperature, DRIFTS spectra were also collected during NO 
adsorption on the Pd/ZSM-5 sample at 175 °C in the presence of 4.5% H2O to investigate the 
change in the surface intermediate species at the higher NO adsorption temperature. From Figure 
8 we observe that the peak at 1818 cm-1, which was the main feature at the 100 °C NO adsorption 
temperature, disappears at 175 °C. Instead, the two spectral peaks at ~ 1873 and 1839 cm-1, which 
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were previously observed under dry conditions and associated with the 𝑍2 𝑃𝑑𝐼𝐼(𝑁𝑂)  and 𝑍
𝑃𝑑𝐼𝐼(𝑂𝐻)(𝑁𝑂)  species, reappear. The transition from the hydrated Pd-nitrosyl species (1818 

cm-1) at 100 °C to the dehydrated Pd-nitrosyl species (1870 cm-1 and 1839 cm-1) at 175 °C supports 
the hypothesis that H2O desorbs at a lower temperature than NO and that dehydration of the PNA 
is facilitated by increasing temperature. Thus, the minimal H2O inhibition effect on the rate of NO 
uptake (Figure 6 (c)) and the maximized NO storage capacity (Figure 5 (h)) at 150 °C observed 
in the flow reactor experiments, along with the DRIFTS spectra collected during NO adsorption 
in the presence of 4.5% H2O at 175 °C (Figure 8), indicate the complete dehydration of the PNA 
at ~150 °C and the formation of dehydrated 𝑍2 𝑃𝑑𝐼𝐼(𝑁𝑂)  and 𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝑁𝑂)  species as 
proposed in reaction equations (E6) and (E7). With the further increase in temperature beyond 150 
°C, NO desorption is thermodynamically favored resulting in a decrease in the NO storage capacity 
of the PNA. This phenomenon is reasonably captured by the reverse reactions in equations (E1) 
and (E2), which also presents the NO desorption mechanism and leads to the eventual regeneration 
of the 𝑍2[𝑃𝑑𝐼𝐼] and 𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)  species beyond 250 °C. 

As the effects of H2O solvation on Pd speciation and NO adsorption mechanism is captured 
and discussed, we can now revisit CO oxidation during the TPD. As is discussed with Figure 2(d), 
there is deviation from a typical CO oxidation light-off curve at ~150°C. Notably, this is the 
temperature where H2O desorbs, and the COx trace (CO + CO2) shown in supporting information 
Figure S3 suggests that there is no significant CO or CO2 desorption from previously trapped CO 
species. We therefore attribute this CO oxidation light-off feature to H2O desorption and the 
transition from more active hydrated Pd cations to less active dehydrated Pd cations. The 
comparison between CO oxidation light-off experiments in the presence and absence of H2O 
shown in the supporting information Figure S4 further confirms that the presence of H2O 
significantly shifts the CO oxidation light-off to lower temperatures.

3.6. Effect of CO
The effect of CO concentration on NO storage and release is of significant interest as CO 

is an integral component of diesel exhaust and has been found to impact the oxidation state of the 
ion-exchanged Pd NO storage sites within the zeolite [15,25]. Furthermore, other researchers have 
found that CO promotes NO adsorption on Pd-exchanged zeolites [47]. As noted above (Figure 
2), all the CO that adsorbs on the Pd/ZSM-5 PNA sample is subsequently released upon 
introduction of NO, indicating that NO and CO are not co-adsorbed under the experimental 
conditions examined here. To understand the effect of CO on NO storage and release, both wet 
and dry conditions have been considered and the results presented in the following sections. 

3.6.1. Dry conditions
To gain insights into the effect of CO on NO adsorption on the PNA under dry conditions, 

NO storage and release was evaluated at 100 °C in the absence of CO and the presence of 200 ppm 
CO in the feed during NO adsorption. The NO concentration profiles during adsorption under dry 
conditions in Figure 9 (curves(a) and (b)) overlay, indicating that the NO uptake rate does not 
depend on the presence or absence of CO. 
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Figure 9: NO concentration profiles during NO adsorption at 100 °C under (a) 0ppm CO, 0% 
H2O, (b) 200ppm CO, 0% H2O, (c) 0 ppm CO, 7% H2O, and (d) 200 ppm CO, 7% H2O. Feed 
conditions: 200 ppm NO, 0 or 200 ppm CO, 10% O2, 0 or 7% H2O, 0% CO2, GHSV 30,000 hr-

1

3.6.2. Wet conditions
In contrast to the results under dry conditions, the NO concentration profiles in the presence 

of H2O in Figure 9 (curves (c) and (d)) show that CO has a significant impact on the rate of NO 
adsorption. In the absence of CO, NO adsorption is slow, and NO breaks through almost 
immediately after its introduction. After this rapid breakthrough, the NO concentration slowly 
increases until it reaches the inlet value. In the presence of CO, NO adsorption is much faster, and 
NO breakthrough is delayed significantly. After breakthrough, the NO concentration increases to 
the inlet level faster than in the absence of CO. The total NO storage is very similar with and 
without CO, but the rates of NO adsorption are quite different. 

The effect of CO on NO storage and release under wet conditions (7% H2O) was further 
investigated by varying the CO concentration in the feed from 50 to 800 ppm CO during NO 
adsorption at 100 °C. The NO concentration profiles in Figure 10 (a) show that, as the CO 
concentration is increased, the NO uptake rate increases up to ~ 400 ppm CO. Further increasing 
the CO concentration to 800 ppm has minimal impact on the NO uptake rate. The rate differences 
can be seen in the crossover of the NO concentration profiles in Figure 10 (a): at 800 ppm CO, 
the NO breakthrough occurs much later than at the lower CO concentrations, but the NO 
concentration more rapidly approaches the inlet value; at 50 ppm CO, the NO breakthrough occurs 
earlier, but the approach to the inlet NO concentration occurs more slowly, indicating that the 
Pd/ZSM-5 is storing more NO at later adsorption times. The total NO stored during both adsorption 
and release in Figure 10 (b) shows only a small effect of changing CO concentration. Thus, as 
with H2O at 100 °C, the primary impact of changing CO concentration appears to be on the rate of 
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NO adsorption on the Pd sites rather than the total amount of NO that can be stored at those sites. 
Figure 9 showed that CO had no effect on NO adsorption under dry conditions, while Figures 10 
(a) and (b) showed that increasing CO increases the rate of NO adsorption in the presence of H2O 
at 100 °C. The next logical step was to evaluate the effects of CO concentration on NO adsorption 
at 150 °C, with results shown in Figure 10 (c). Interestingly, varying CO concentration from 50 
to 400 ppm had minimal effect on either the rate of NO adsorption in Figure 10 (c) or the total 
NO stored in Figure 10 (d). Further increasing CO concentration to 800 ppm caused a small 
decrease in total NO stored, which is also apparent in earlier NO breakthrough. 
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Figure 10: (a) NO concentration profiles during NO adsorption at 100 °C and (b) total NO storage 
as measured from NO adsorbed at 100 °C (solid fill) and NO desorbed during TPD from 100-500 
°C (diagonal line fill); (c) NO concentration profiles during NO adsorption at 150 °C and (d) total 
NO storage as measured from NO adsorbed at 150 °C (solid fill) and NO desorbed during TPD 
from 150-500 °C (diagonal line fill) as the CO concentration is varied in experiments conducted 
with Pd/ZSM-5. Feed conditions: 200 ppm NO, 50-800 ppm CO, 10% O2, 7% H2O, 0% CO2, 
GHSV 30000 hr-1
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Considering that CO increases the rate of NO uptake in the presence of H2O at 100 °C, but 
has no appreciable effect on NO storage under dry conditions or in the presence of H2O at 150 °C, 
CO only impacts NO storage under conditions where the Pd is in a hydrated state. It is therefore 
proposed that CO helps mitigate the slow uptake of NO in the presence of elevated H2O 
concentrations by displacing some of the water from the Pd sites before the NO is introduced, 
which can be described by equations (E8) and (E9):

𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝐻2𝑂)3 +2𝐶𝑂⇌𝑍 𝑃𝑑𝐼𝐼(𝐶𝑂)2(𝑂𝐻)(𝐻2𝑂) + 2𝐻2𝑂 (E8)
𝑍 𝑃𝑑𝐼𝐼(𝐶𝑂)2(𝑂𝐻)(𝐻2𝑂) +𝑁𝑂 + 𝐻2𝑂⇌𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 +2𝐶𝑂 (E9)

CO displacement by NO is a faster process than H2O displacement by NO, thus NO 
adsorption is accelerated in the presence of CO. To further prove the competitive adsorption 
process and to investigate the interaction between CO and NO on the surface of the Pd/ZSM-5 
PNA at 100 °C, in-situ DRIFTS experiments were conducted. C-O stretching peaks at 2144, 2140,  
2122, and 2108 cm-1 assigned to di-carbonyl and mono-carbonyl species coordinated with Pd2+ 
cations, and a feature at 1966 cm-1 associated with CO on reduced Pd particles were observed 
when CO was adsorbed on Pd/ZSM-5 under dry conditions as shown in Figure 11 (a) [12,44]. 
Multiple vibrational frequencies associated with well identified Pd-carbonyl species observed in 
the 2100 to 2200 cm-1 region further support the previously mentioned heterogeneity of Pd2+ 

cations in ZSM-5 due to the random Al distribution and the complex ion-exchange positions. 
However, when 4.5% H2O was introduced to the system, from Figure 11 (b) we observe that the 
features at 2144, 2140, 2122 and 2108 cm-1 disappear due to hydration of Pd2+ cations, and the 
evolution of two features at 2132 and 2117 cm-1 indicating the formation of a different Pd-
dicarbonyl species and a more homogeneous-like Pd speciation within ZSM-5. This phenomenon 
is similar to what has been observed with NO adsorption and agrees well with the proposed 
reaction (E8). More specifically, Pd cations are first solvated by H2O and form the same dicarbonyl 
species after CO adsorption despite different starting Pd species. With an Ar purge, however, the 
features at 2132 and 2117 cm-1 disappear demonstrating the instability of the Pd2+- dicarbonyl 
species formed in the presence of H2O. 

The peak at 1960 cm-1 in the C-O stretching region, which dominates the DRIFTS spectra 
under wet conditions, is typically associated with CO adsorbed on metallic Pd particles [48–51]. 
The intensity of this peak is significantly higher than the corresponding peak at 1966 cm-1 under 
dry conditions suggesting the formation of reduced Pd0 clusters  (indicated as Pd0

n) when H2O 
and CO are both present. Another possibility is that this feature is still associated with mono-
carbonyl species bound to hydrated Pd2+ cations. Hydration leading to a 60 cm-1 peak shift in N-O 
stretching frequency for Pd/SSZ-13 and a similar influence of H2O on the C-O stretching 
frequency of mono-carbonyl species in Pd/BEA has been previously reported [21,44]. As the 
hydration of mono-carbonyl species can lead to a significant peak shift to lower wavenumbers, the 
peak at 1966 cm-1 could be assigned to 𝑍 𝑃𝑑𝐼𝐼(𝐶𝑂)(𝑂𝐻)(𝐻2𝑂)2  where Pd remains in the 2+ 



28

oxidation state [21]. With the evidence we have, we cannot definitively assign this IR feature to 
one or the other of these two possibilities, although literature and Pd mobility aspects suggest it is 
the formation of small Pd clusters that leads to this peak appearing, and 1960 cm-1 seems to be too 
low of a wavenumber to be mono-carbonyl species bound to Pd cations. Nevertheless, both 
proposed CO adsorption mechanisms demonstrate significant differences in surface environment 
and Pd speciation upon CO exposure indicating that the formation of Pd-carbonyl species or small 
Pd clusters plays an important role in mitigating the H2O inhibition effect by CO observed on the 
PNA during NO adsorption below 150 °C. We introduce reaction equations (E10) and (E11) as 
two possible pathways besides (E8) and (E9) that mitigate the H2O inhibition effect on the rate of 
NO adsorption by CO: 

𝑍 𝑃𝑑𝐼𝐼(𝑂𝐻)(𝐻2𝑂)3 +𝐶𝑂
< 𝟏𝟓𝟎°𝑪

𝑍 𝑃𝑑𝐼𝐼(𝐶𝑂)(𝑂𝐻)(𝐻2𝑂)2 + 𝐻2𝑂 (E10)

𝑍 𝑃𝑑𝐼𝐼(𝐶𝑂)(𝑂𝐻)(𝐻2𝑂)2 +𝐶𝑂
< 𝟏𝟓𝟎°𝑪

[𝑃𝑑0
𝑛(𝐶𝑂)] + 𝑍𝐻 + 𝐶𝑂2 + 2𝐻2𝑂 (E11)

After saturation with CO in the presence of 4.5% H2O, background spectra were collected and 
subtracted following which NO was introduced to the DRIFTS cell at 100 °C. From the DRIFTS 
spectra collected during NO adsorption at 100 °C under wet conditions shown in Figure 11 (d), 
we observe the evolution of the hydrated mono-nitrosyl Pd species (1818 cm-1), accompanied by 
the simultaneous appearance of negative peaks corresponding to hydrated di- carbonyl Pd 
complexes (2122 and 2132 cm-1) indicating the desorption of CO as soon as Pd/ZSM-5 is exposed 
to NO, which is captured by (E9). The negative feature at 1960 cm-1 suggests either the loss of the 
mono-carbonyl species bound to Pd or CO adsorbed on small Pd clusters, all of which indicates, 
again, the desorption of CO and can be presented by equations (E12) and (E13). Note, the negative 
1960 cm-1 feature does not demonstrate NO adsorption on the reduced Pd clusters because the 
single peak at 1818 cm-1 suggests the formation of previously assigned of  𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝐻2𝑂)3  
only. Instead, these results indicate that even if Pd clusters are formed during the CO + H2O 
exposure, addition of NO will lead to the desorption of CO and a subsequent or simultaneous 
redispersion of Pd clusters back into the cation form in the presence of O2.   

𝑍 𝑃𝑑𝐼𝐼(𝐶𝑂)(𝑂𝐻)(𝐻2𝑂)2 +𝑁𝑂
< 𝟏𝟓𝟎°𝑪

𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 +𝐶𝑂 (E12)

𝑃𝑑0
𝑛(𝐶𝑂) +𝑁𝑂 + 1

2𝑂2 +𝑍𝐻 + 2𝐻2𝑂
< 𝟏𝟓𝟎°𝑪

𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2 +𝐶𝑂 (E13)

While prior literature reported the formation of a co-adsorbed CO and NO carbonyl-nitrosyl Pd 
complex on a Pd/SSZ-13 PNA under dry conditions [47], we did not observe the corresponding 
IR feature and have no evidence to support the existence of co-adsorbed carbonyl-nitrosyl species 
in the presence of H2O on the Pd/ZSM-5 sample. The formation of 𝑍 𝑃𝑑𝐼𝐼(𝑁𝑂)(𝑂𝐻)(𝐻2𝑂)2  
species indicated by the peak at 1818 cm-1 in Figure 11 (d), along with the disappearance of the 
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peaks in the C-O stretching region with introduction of NO to Pd/ZSM-5, suggests replacement of 
CO by NO in the hydrated Pd complex. Furthermore, this is consistent with recent work with 
Pd/FER, where NO displaced CO from this type of PNA sample as well [52].

Based on the IR results and trends shown in Figure 10, equations (E8) - (E13) above 
capture the mitigation of the H2O inhibition effect by CO on the PNA at NO adsorption 
temperatures lower than 150 °C as well as the CO release on introduction of NO to the PNA. 
Again, CO adsorption on hydrated Pd cations forming mono-carbonyl species and the subsequent 
NO adsorption represented by (E10) and (E12) can be replaced or occur in parallel to the reversible 
formation of small Pd clusters represented by (E11) and (E13).

Note that for NO exposure temperatures ≥150 °C neither H2O nor CO has a significant 
impact on NO storage and release, and equations (E1) and (E2) are sufficient to describe the NO 
adsorption and desorption process. 

Figure 11: In-situ DRIFTS spectra collected on a degreened Pd/ZSM-5 PNA sample at 100 °C 
under (a) dry conditions with 200 ppm CO, and in the presence of 4.5% H2O with (b) 200 ppm 
CO, followed by (c) Ar purge and (d) 200 ppm NO exposure. Feed conditions: 0-200 ppm NO, 
10% O2, 0-4.5% H2O, 0-200 ppm CO.

3.7. Effect of order of introduction of NO and CO to the PNA under wet conditions
For the results presented in the previous sections, the baseline condition consisted of 

exposing the PNA to CO for five minutes before NO. To investigate if the order of introduction of 
NO and CO to the PNA under wet conditions at 100 °C had an impact on the NO storage and 
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release, two additional cases were considered: (i) simultaneous introduction of NO and CO and 
(ii) introduction of NO before CO. On comparing the NO concentration profiles during NO 
adsorption at 100 °C for the three modes in Figure 12 (a), we observe that the NO adsorption rate 
is much faster when CO is introduced first, resulting in a longer delay before NO breakthrough. 
However, the corresponding NO release profiles during TPD from 100 to 500 °C in Figure 12 (b) 
show that the NO storage capacity remains unchanged irrespective of the mode of introduction of 
NO and CO to the PNA, showing once again that the role of CO is to increase the rate of NO 
adsorption, but not the total amount stored. 

The slow NO adsorption rate when CO and NO are introduced simultaneously show that 
CO must have sufficient time to displace some of the H2O from the Pd sites. The adsorption of CO 
itself is not inherently faster than NO adsorption; the 5 min CO exposure time prior to NO 
introduction used in most of the experiments here gives enough time for the CO to displace some 
of the H2O and adsorb to the Pd sites. When NO is introduced, it rapidly displaces the CO from 
the Pd sites.
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Figure 12: NO concentration profiles during (a) NO adsorption at 100 °C and (b) TPD (100-
500 °C) when (i) CO is introduced before NO, (ii) CO and NO are simultaneously introduced 
and (iii) NO is introduced before CO to the PNA. Feed conditions: 200 ppm NO, 200 ppm CO, 
10% O2, 0% H2O, 0% CO2, GHSV 30,000 hr-1
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3.8. Preliminary mechanism
A proposed mechanism for PNA NO adsorption and release under wet conditions capturing 

the observed trends is shown in Figure 13. Starting with Pd2+ in the Pd ion-exchanged ZSM-5, the 
mechanism captures (1) adsorption of H2O at operating temperatures <150 °C and (2) resulting 
inhibition of the NO adsorption rate on hydrated Pd2+; (3) CO displacement of adsorbed H2O on 
Pd2+; (4) fast CO displacement by NO, thereby mitigating H2O inhibition on the rate of NO 
adsorption; (5) the absence of H2O or CO effects at adsorption temperatures ≥150 °C; (6) 
desorption of H2O as the temperature is increased above 150 °C; and (7) NO release from the Pd2+ 
storage sites as the temperature in increased beyond 250 °C. 

Figure 13: Proposed mechanism for NO adsorption and release on Pd/ZSM-5 based on flow 
reactor experiments capturing key gas composition and temperature effects as well as 
identification of surface intermediates through DRIFTS. The arrows shaded red on one end 
indicate increasing temperature. The circled numbers correspond to the observations summarized 
in the text.

4. Conclusions
A systematic flow reactor and IR characterization study was conducted to understand the 

impact of operating conditions on Pd/ZSM-5 NO storage and release. Observations include the 
following.
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 Changes in CO2 and O2 concentration have minimal effect on NO adsorption and release. 
 Although NO concentration does not impact total NO storage capacity, it does impact the 

rate of NO adsorption. 
 NO storage capacity increased from 75 to 150 °C, and decreased from 150 to 225 °C, and 

this trend is related to the combined effects of Pd hydration/dehydration and stability of 
adsorbed NO. 

 Also related to Pd hydration, at temperatures <150 °C, increasing H2O concentration 
decreases NO adsorption rate, while at temperatures ≥150 °C, changing H2O concentration 
has no effect on NO adsorption/desorption.

 At temperatures <150 °C, CO mitigates the H2O inhibition of NO adsorption by displacing 
some of the H2O on the Pd storage sites, but CO has no effect under dry conditions or at 
temperatures ≥150 °C due to Pd dehydration.

 NO rapidly displaces CO from the Pd sites; NO+CO co-adsorption is not observed on 
Pd/ZSM-5 under the conditions used in this study.

 NO concentration effect and CO inclusion results highlight the importance of looking at 
not just total NO storage capacities but also rates of NO adsorption with PNA materials; if 
adsorption rates are too low, the PNA materials will not effectively trap NO during the 
highly transient operating conditions associated with engine cold start conditions. 

Lastly, a mechanism for NO adsorption and desorption on Pd/ZSM-5 is proposed, which captures 
these observations and includes key surface intermediates identified through DRIFTS experiments. 
This mechanism provides a foundation for future PNA performance modeling efforts. 
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