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 Improvement effect of NH4-SSZ-13 support on Pd2+ ions dispersion was investigated. 

 Pd(NO3)2 precursor transformed to Pd(NH3)x2+ intermediate during calcination. 

 Pd(NH3)x2+ converted to Pd2+ ions by oxidizing NH3 ligands to N2. 

 ▪Formation of Pd(NH3)x2+ is critical for achieving high Pd2+ ions dispersion. 

 ▪Pd2+ ions were reduced to metallic Pd during calcination without O2. 
 

 

Abstract 

 

The chemistry during the preparation of Pd/SSZ-13, including impregnation and calcination 

process, was investigated, using Pd(NO3)2 as precursor and NH4-SSZ-13 as the support. Special 

attention was paid on analyzing the improvement effect of NH4-SSZ-13 support on Pd2+ ions 

dispersion. The Pd(NO3)2 precursor remained intact after impregnation and transformed to 

Pd(NH3)x
2+ during calcination at 200-290 °C, and then converted to Pd2+ ions occupying the ion-

exchange sites by oxidizing the NH3 ligands to N2 at 290-450 °C. The formation of Pd(NH3)x
2+ 

intermediates is a critical factor for achieving high Pd2+ dispersion, probably due to the fact that 

NH3 ligands give the intermediates high mobility, facilitating their movement to the ion-

exchange sites. The PdO formation might be related to the excessive reduction of Pd2+ sites to 

metallic Pd, when catalyzing the oxidation of NH3 ligands and the NH4
+ on the Brønsted acid 

sites. 

Keywords: Environmental catalysis; Pd/SSZ-13; Chemistry of preparation; NO adsorption; 

Low-temperature storage 
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Nitrogen oxides (NOx) in the exhausts from lean-burn engines entail significant challenges 

for maintaining high air quality, especially in metropolis [1-4]. The application of ammonia 

selective catalytic reduction (NH3-SCR) technique greatly reduces NOx emissions from vehicles, 

thanks to the excellent activity and robust stability of current commercial SCR catalysts, i.e., 

Cu/zeolites [5-10]. 

To meet the more stringent emission regulations, reducing the NOx (mainly in the form of 

NO) emission during cold-start is necessary [11, 12]. Current SCR catalysts can be highly active 

in 200-500 °C, while the exhaust temperature (below 200 °C) during cold-start is too low for the 

catalyst to be functional [13]. The temporary storage of NOx at low temperatures (below 200 °C) 

and then release them in the temperature range above 200 °C, where the SCR catalyst is warmed 

up, is a promising approach to control the cold-start NOx emissions [14]. The material used for 

this strategy is called passive NOx adsorber (PNA) catalysts. 

Pd/SSZ-13 catalysts have attracted considerable interest as a PNA catalyst due to its 

advantage in NO adsorption capacity, SO2 resistance, and hydrothermal stability over the metal 

oxide supported Pd catalysts [14, 15]. It has been reported that monoatomic dispersed Pd, i.e., 

Pd2+ ions, in zeolite are the NO adsorption site at low temperatures in the presence of H2O, 

which traps NO forming Pdn+(NO) (n = 1 and 2) intermediates, while PdO is inactive [16-19]. As 

a result, improving NO storage capability via maximizing Pd2+ cations loading in Pd/SSZ-13 is 

an ultimate goal.  

In the initial investigation stage of Pd/SSZ-13, Ryou et al. [20, 21] prepared Pd/SSZ-13 by 

solution ion-exchange, solid-state ion-exchange, and impregnation methods, while the dominant 

state of Pd in all the as-prepared catalysts by different methods was PdO. Fortunately, it has been 

found that small PdO particles can be dispersed to isolated Pd2+ ions via protonolysis during 
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hydrothermal treatment at moderate temperatures (e.g., 750 °C) [20, 21]. Recently, Khivantsev et 

al. [22] reported that 100% Pd2+ dispersion was achieved by using the impregnation method for 

Pd/SSZ-13 (Si/Al = 6) with Pd loading of 1 and 1.9 wt.%. The low Si/Al ratio of SSZ-13 (6) and 

the usage of NH4-SSZ-13 as support are believed as two critical factors for achieving the high 

Pd2+ dispersion [22]. The low Si/Al would increase the hydrophilicity of SSZ-13 [16], which was 

proposed facilitating the Pd precursor in aqueous solution access to the ion-exchange sites inside 

the zeolite pores, thus improving the Pd2+ ions dispersion [22]. However, the improvement effect 

of NH4-SSZ-13 is still poorly understood, although it has been identified that the Pd/SSZ-13 

prepared using NH4-SSZ-13 as support shows much higher NO capacity than the one using H-

SSZ-13 as support, even though those two types of SSZ-13 supports have same Si/Al ratio [22].  

     The objective of this study is to gain insight into the chemistry during preparation, including 

impregnation and the following calcination process, of Pd/SSZ-13 with NH4-SSZ-13 as support, 

by applying combined TGA-IR, DRIFTs, and NO adsorption activity analysis. To better 

understand the role of NH4-SSZ-13 on Pd2+ dispersion, the SSZ-13 with a fixed Si/Al ratio (6) 

was chosen to exclude the influence of the hydrophobicity/hydrophilicity of the support.  

2. Experimental  

2.1. Catalyst preparation   

  Na-SSZ-13 (Si/Al = 6, determined by ICP-MS) was synthesized according to the 

procedures reported previously [23]. A typical synthesis was done in a 5 L autoclave under 

hydrothermal conditions at 155 °C for four days. The Na-SSZ-13 zeolite powders were dried at 

110 ºC, followed by calcination in air at 600 ºC for 6 h. 

 The Pd/SSZ-13 catalysts were prepared by incipient wetness impregnation. Firstly, Na-SSZ-

13 was ion-exchanged with a 5 M (NH4)2SO4 solution at 80 °C for 2.5 h  to obtain the NH4-SSZ-
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13, which was then impregnated by an appropriate amount of palladium nitrate (Pd(NO3)2) 

solution (Alfa Aesar) to make Pd/SSZ-13 with 2 wt.% Pd loading. The non-calcined sample was 

named as Pd/NH4-SSZ-13, where the Pd content was 2.08 wt.% determined by ICP-OES. On the 

other hand, a part of the impregnated catalysts was calcined by heating in air to 290, 450, and 

600 ºC and held at the target temperature for 6 h, respectively, which was denoted as Pd/NH4-

SSZ-X, where X represents the calcination temperature.  

2.2. NO storage and release 

  The storage and release experiments of NO were carried out in a fixed-bed quartz tube 

reactor (4 mm inner diameter) under a simulated realistic (5% H2O-5% CO2) exhaust condition. 

1500 ppm NO/N2, 2% CO/N2, 20% O2/N2, pure CO2, and pure N2 gases were fed from 

compressed gas cylinders (PurityPlus Specialty Gases).  The gas flow rates were controlled by 

mass flow controllers (MKS). The catalyst temperature was controlled and measured by two K-

type thermocouples located upstream and downstream of the catalyst bed. Deionized water was 

fed by a D-Series syringe pump (Teledyne Isco). To fully vaporize liquid water, the main gas 

tubing was wrapped by heating tapes to maintain the entire lines down to the FTIR gas analyzer 

isothermal at 120 °C. 50 mg of powder catalyst (250-420 m) was used and was diluted with the 

same size silica gel (50 mg, Sigma Aldrich Davisil Grade, calcined at 800 °C for 4 h). Before the 

storage experiments, the gas mixture was adjusted and maintained during the entire course of 

storage and release to contain 200 ppm NO, 10% O2, 5% H2O, and 5% CO2 (balanced with N2). 

The gas concentrations (NO, NO2, N2O, and H2O, etc.) during the entire storage and release 

stages were measured online by a gas FTIR analyzer (Antaris™ IGS). 

   Typically, in each test, the catalyst was first pretreated at 290 °C with a flow of 10 % O2/N2 

for 30 min and another 30 min with a flow of 10 % O2-5 % H2O-N2 at a rate of 250 mL/min. 
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Then, the catalyst was cooled to 100 C for storage under the same feed rate that corresponded to 

a weight hourly space velocity (MHSV) of 300,000 mL·h-1·g-1. Before the NO adsorption at 100 

C, the concentrations in the gas mixture were first stabilized and measured in a bypass line of 

the reactor. Upon flow stabilization, the gas flow was switched from bypass to the catalyst bed 

and maintained for gas adsorption for 10 min to make sure that the adsorption equilibrium had 

been reached. This adsorption stage was then followed by a release stage where the temperature 

increased to 600 ºC at a ramping rate of 10 ºC/min under the same gas mixture feed. 

2.3. Catalyst characterization 

Thermo-gravimetric analysis (TGA) was performed on TA Q500 apparatus from TA 

instruments in a flow of N2 (50 mL/min) or air (50 mL/min), and the heating rate was 10 °C/min 

from 100 to 650 °C. All the samples were treated in a flow of air (50 mL/min) at 100 °C for 3 h 

before the tests. The concentration of the outlet gases from the TGA was measured online by a 

gas FTIR analyzer with a DTGS detector. 

In situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTs) was used to 

identify adsorbed species and intermediates. DRIFTs experiments were conducted on a Bruker 

TENSOR 27 spectrometer equipped with an MCT detector cooled by liquid nitrogen. The 

Pd/SSZ-13 catalysts, which was ground by mortar grinding, was loaded into a reactor cell 

(Praying Mantis™) that has two ZnSe windows and a quartz window. Before the collection of 

background spectra at the desired temperatures, the catalyst was pretreated at 290 °C for 1 h in 

flowing 20% O2/N2.  

 

3. Results 
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After the impregnation of Pd(NO3)2 on NH4-SSZ-13, the Pd precursor might interact with the 

NH4
+ to form intermediates, which then transformed into other states of Pd, e.g., Pd2+ ions, 

during calcination. The weight loss and the corresponding outlet gases with the increase of 

temperature of the as-prepared Pd/NH4-SSZ-13 would provide the information of the Pd 

precursor transformation during calcination. Therefore, the TGA-IR measurements were first 

carried out. 

3.1. TGA-IR results 

The TGA-IR measurements of NH4-SSZ-13 conducted in N2 and air are shown in Fig. 1a and 

1b, respectively. Two DTG peaks at 158 and 478 °C were observed in Fig. 1a. The peak at 

158 °C was ascribed to the dehydration [24]. The second peak at 478 °C can be attributed to the 

NH3 desorption from Brønsted acid sites of NH4-SSZ-13 [25], as proved by the prominent NH3 

release peak at 478 °C measured by IR. Similar TGA and NH3 deposition profiles were observed 

in NH4-SSZ-13 conducted in air in Fig. 1b. Also, the weight loss of the peak at ~475 °C was 

4.4% and 4.3% for NH4-SSZ-13 conducted in N2 and air, respectively, indicating that the oxygen 

does not influence the NH3 desorption from NH4-SSZ-13.  

After the impregnation of Pd(NO3)2, Pd2+ cations and NO3
- anions were introduced into NH4-

SSZ-13, while both of them might interact with the NH4
+ and impact the TGA-IR profiles. To 

simplify the analysis, the influence of NO3
- on thermal decomposition of NH4-SSZ-13 was first 

analyzed. Fig. 2a shows the TGA-IR results of NH4-SSZ-13 impregnated by HNO3 conducted in 

air. In addition to the peaks at 158 and 478 °C, another TGA peak at 258 °C was also observed. 

At the same time, a large N2O release peak was also found at around 250 °C.  N2O is a typical 

decomposition product of NH4NO3 [26, 27]. Also, the desorption of NO2, the typical product of 
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the decomposition of NO3
-, was not observed (Fig. S1). It indicates that the NO3

- in HNO3 would 

interact with NH4
+ in NH4-SSZ-13 to form NH4NO3 during calcination. 

Fig. 2b and 2c show the TGA-IR results of NH4-SSZ-13 impregnated by Pd(NO3)2 conducted 

in N2 and air, respectively. Under N2 flow, in addition to the weight loss below 150 °C due to 

dehydration,  two other weight losses of 4.3% and 3.1%, respectively (Table 1), were observed in 

Pd/NH4-SSZ-13 in the ranges of 200-290 and 290-550 °C with DTG peaks at 230 and 485 °C. 

As discussed above, the DTG peak at 232 °C was ascribed to the decomposition of NH4NO3, and 

the peak at 485 °C was ascribed to the NH3 desorption from Brønsted acid sites. Also, no release 

of NO2 was observed (Fig. S2). The above results reveal that a part of NH4
+ in NH4-SSZ-13  

interacted with NO3
- forming NH4NO3 and then decomposed to N2O at 200-290 °C, and the rest 

ammonium compounds were released as NH3 between 290-550 °C when the Pd/NH4-SSZ-13 

was treated in N2 atmosphere.  

Similar to that in Fig. 2b, DTG peaks at 150 and 230 °C were also observed in Pd/NH4-SSZ-

13 conducted in air, while the third DTG peak shifted from 475 to 372 °C in Fig. 2c. IR results 

show that N2O was released within 200-290 °C, confirming that the DTG peak at 230 °C in Fig. 

2c can also be attributed to the decomposition of NH4NO3. 

Furthermore, the weight loss in 200-290 °C was 4.3% (Table 1), the same as the weight loss 

of the counterpart in Fig. 2b, suggesting that the formation and decomposition of NH4NO3 in 

Pd/NH4-SSZ-13 during calcination was not impacted by the atmosphere. Then, it can be safely 

deduced that the third DTG peak at 372 °C can be ascribed to the loss of the remainder of 

ammonium compounds. However, no outlet gases were detected by IR during the weight loss in 

290-450 °C, indicating that ammonium compounds were converted most likely to N2, which was 

confirmed by the TGA-MS results in Fig. S3b, where a big N2 formation peak was found in 290-
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450 °C. It should be pointed out that the oxidation of the ammonium compounds was not 

observed in Fig. 2a and 2b, indicating that Pd sites and O2 play an essential role in the oxidation. 

The TGA-IR results above show that different chemistries occurred in the temperature ranges 

of 200-290 °C and 290-450 °C when the Pd/NH4-SSZ-13 was calcined in air. A TG 

decomposition ramp, interrupted at 290 °C and held for 40 min, showed no loss of weight before 

the resumption of the temperature ramp (Fig. 3), indicating that the NH4NO3 decomposition was 

completed and the Pd/NH4-SSZ-13 reached a stable state after the calcination at 290 ºC. Also, no 

weight loss was observed in the temperature range above 450 °C, indicating that the chemistry 

that occurred in the 290-450 °C temperature range was completed and that Pd/NH4-SSZ-13 had 

reached another stable state after calcination at 450 °C. Therefore, the transformation of Pd 

precursors during the calcination can be further investigated by comparing the state of Pd in 

Pd/NH4-SSZ-13 calcined at different temperatures (non-calcined, 290, 450 °C). For comparison, 

the characterization data of Pd in Pd/NH4-SSZ-13 after calcination at 600 °C were also provided. 

3.2. Characterization of Pd species after calcination at different temperatures 

3.2.1 CO adsorption DRIFTs 

 CO chemisorption monitored by FTIR is one of the most extensively used techniques in 

 characterizing ionic and metallic Pd sites in Pd/SSZ-13 catalysts [18, 28]. Fig. 4a presents CO-

DIRFTs results collected on Pd/NH4-SSZ-13 calcined at different temperatures. CO adsorption 

peaks were not observed on non-calcined and Pd/NH4-SSZ-290 samples, indicating that the Pd2+ 

ions were coordinated by other ligands in both samples, and shielded against the CO adsorption. 

After calcination at 450 and 600 °C, the CO adsorption peaks on Pd2+ cations (2210-2100 cm-1) 

were observed [28]. In addition, the IR peaks of CO adsorption on metallic Pd0 (1965 and 1895 

cm-1), due to the reduction of PdO by CO, were also found [22], but the peak intensity was much 
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lower than that of CO adsorption on Pd2+ cations. It indicates that Pd2+ ions were dominant in the 

Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600 samples. It should also be pointed out that the intensities 

of CO adsorption peaks (for Pd2+ ions and PdO) in Pd/NH4-SSZ-450 were similar to that in 

Pd/NH4-SSZ-600. Based on the above results, it can be inferred that the formation of bare Pd2+ 

cations and PdO does not start below 290 °C and finish at 450 °C. TEM images in Fig S4 lend 

further support as they show that no PdO particles were observed in Pd/NH4-SSZ-290, while 

PdO particles were found in Pd/NH4-SSZ-450.  

 3.2.2 NO adsorption DRIFTs 

NO can be adsorbed on both Brønsted acid sites and Pd2+ cations on Pd/SSZ-13 in the 

absence of H2O, providing distinguishable FTIR spectra [14, 17]. Therefore, the NO adsorption 

FTIR results would provide information on the changes of Brønsted acid sites and Pd state in 

Pd/NH4-SSZ-13 after calcination at different temperatures. The results are shown in Fig. 4b. 

      The NO adsorption IR peaks were not observed in the non-calcined sample, ascribed to the 

coverage of Brønsted acid sites by NH4
+, and the shielding of Pd2+ ions by ligands. The peak at 

2180 cm-1 was observed on the Pd/NH4-SSZ-290 sample, ascribed to the NO adoption on 

Brønsted acid sites [14], indicating that some Brønsted acid sites were freed up after calcination 

at 290 °C. Besides, IR peaks of NO adsorption on Pd cations (1886/1832 cm-1) [20, 29] were not 

observed, implying that 290 °C is not sufficient to remove the ligands on Pd2+ ions, consistent 

with the CO-DRIFTs results in Fig. 4b. In comparison, both IR peaks at 2180 and 1886/1832 cm-

1 were observed in Pd/NH4-SSZ-460 and Pd/NH4-SSZ-600 samples. Furthermore, both samples 

show the almost same intensity of the peaks at 2180 and 1886/1832 cm-1, implying that NH4
+ on 

Brønsted acid sites and ligands on Pd2+ ions were removed entirely after calcination at 450 °C. 

However,  compared to Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600, Pd/NH4-SSZ-290 shows a much 
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lower intensity of the peak at 2180 cm-1, indicating that only some of the Brønsted acid sites 

were freed up after calcination at 290 °C.  

3.2.3 NH3 adsorption DRIFTs  

NH3-DRIFTs is a powerful tool to detect the interaction between metal ions and the 

framework of zeolite. It has been well demonstrated that the IR bands in the region of 1000-850 

cm-1 reflect the T-O-T vibrations of the zeolite framework disturbed by Cu2+ ions [24, 30, 31]. 

Besides, the Cu2+ ions would be moved away from the framework exchange sites, when the Cu2+ 

ions were solvated by NH3 [32], then the perturbed framework vibrations in 1000-850 cm-1 

would be eliminated. Taking advantage of these phenomena, Luo et al. [30], Gao et al. [33], and 

Ma et al. [34] reported that NH3-saturated Cu-SSZ-13 would display negative T-O-T bands that 

nicely represent the interaction between Cu2+ and the zeolitic framework when using the 

dehydrated Cu-SSZ-13 as the background. Similar to Cu2+ ions, Pd2+ ions were balanced by the 

negative framework T-O-T bands. Besides, the Pd2+ ions can also be easily solvated by NH3, as 

proved by the NH3-TPD results the literature [35, 36]. Therefore, NH3-DIRFTs is applicable to 

analyze the interaction between Pd2+ cations and framework. The results are shown in Fig. 4c. 

For the non-calcined and Pd/NH4-SSZ-290 samples, no negative bands were observed in 1000-

850 cm-1, indicating the Pd has no interaction with the zeolitic framework. For the Pd/NH4-SSZ-

450 and Pd/NH4-SSZ-600 samples, a negative band was found at 910 cm-1, representing the Pd2+ 

cations occupied the ion-exchange sites and anchored to the framework.  

3.3 NO adsorption/release 

Fig. 5 shows the profiles of NOx (including NO and NO2) concentration versus time on 

stream in the continuous reaction gas feed, which consisted of bypass feed (10 min), NO storage 
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(at 100 °C for 10 min), and subsequent release under the same gas feed conditions during the 

temperature ramp (10 °C/min up to 600 °C) over Pd/SSZ-13 (only for Fig. 5b and 5c). Since the 

NO inlet concentration was 200 ppm, negative peaks below the 200 ppm baseline reflect the 

storage or adsorption of NO, and positive peaks above 200 ppm indicate the release or 

desorption.  

After switching the feed gases from bypass to the catalyst, only a small negative NOx 

adsorption was observed on Pd/NH4-SSZ-290 sample. In comparison, strong negative NOx 

adsorption peaks with similar intensity were observed in Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600 

samples and NOx profiles coincided with the NO curves for both catalysts without N2O and NO2 

formation.  

After NO adsorption at 100 °C, the release of stored NOx in the same reactive gas feed was 

conducted on Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600, with the temperature increasing from 100 

to 600 °C. A re-absorption of NO peak was observed immediately after the temperature 

increased in the range of 100-200 °C in both samples. Meanwhile, a prominent NO2 desorption 

peak was observed at 186 °C. The net impact was the formation of a negative peak of NOx at 186 

ºC. In the temperature range of 210-450 °C, a broad NOx release peak was observed, and the 

release profile of NO was coincident with that of NOx, but no NO2 peak was observed. The 

Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600 samples show comparable NO release curves. Also, the 

mole ratio of stored NO to Pd (0.52) was the same in Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600, 

which further confirmed that 450 °C is sufficient to activate the Pd/NH4-SSZ-13 for NO 

adsorption. 

3.4 In Situ DRIFTs during calcination 
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Clearly, complex chemistries occurred during the calcination of Pd/NH4-SSZ-13. The 

transformation of the state of Pd species with increasing temperature was monitored by in situ 

DRIFTs spectra, which were shown in Fig. 6.  

For the spectrum collected at 150 °C, two band at 1742 and 1458 cm−1 was observed, 

assigned to NO3
- and NH4

+ on Brønsted acid sites, respectively [30, 37, 38]. With the 

temperature increasing to above 200 °C, the intensities for NO3
- and NH4

+ peaks decreased, 

indicating the decomposition of NH4NO3, in accordance with the TGA-IR results in Fig. 2c. A 

new peak at 1630 cm-1 was found in the spectrum collected at 200 °C, assigned to the NH3 

adsorption on Lewis sites [30], i.e., NH3 adsorption on Pd cations as Pd(NH3)x
2+. The band at 

1630 cm-1 increased with the temperature increasing from 200 to 250 °C, and decreased in 250 to 

350 °C, then disappeared when the temperature reached at 400 °C. It indicates that the 

Pd(NH3)x
2+ intermediates started to be formed at 200 °C, and the NH3 ligands were removed in 

350-400 °C. Above 450 °C, all bands were vanished, implying that the chemistry during 

calcination was competed, consistent with the results in Fig. 5. 

 

4. Discussion  

4.1. Transformation of Pd precursors during catalyst activation     

 In non-calcined Pd/NH4-SSZ-13, Pd2+ ions occupying the ion-exchange sites were not 

observed, and all the ion-exchange sites (Brønsted acid sites) were still covered by NH4
+, as 

evidenced by the NO- and NH3-DRIFTs (Fig. 4b and 4c). It indicates that the ion-exchange 

process of Pd2+ ions substituting the NH4
+ on Brønsted acid sites did not occur after Pd(NO3)2 

impregnation and that the Pd2+ ions remained still tightly bonded by the ligands (Fig. 4b). Three 

kinds of ions existed in Pd/NH4-SSZ-13, i.e., Pd2+, NH4
+, and NO3

- (Fig. 6 and Fig. S4). The 
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ligands for Pd2+ ions should be NO3
-, as two cations (Pd2+ and NH4

+) cannot be tightly bonded, 

suggesting that the Pd(NO3)2 was the starting precursor for the next thermal activation (200-

290 °C). Besides, extra HNO3 existed in the palladium nitrate solution (pH ~ 1) that was used for 

impregnation. Therefore, except for Pd(NO3)2, some NO3
- ions should also stay as HNO3.  

        During the calcination from 200 to 290 °C, the NO3
- (from Pd(NO3)2 and HNO3) was 

removed by decomposition of NH4NO3 (Fig. 2c), formed by the interaction between NO3
- and 

NH4
+ on Brønsted acid sites. However, after the NH4NO3 decomposition, the Pd2+ ions were still 

shielded by the ligands and not anchored to the framework (Fig. 4b and 4c). The in situ DIRFTs 

results (Fig. 6) further confirmed that the Pd(NH3)x
2+ intermediates were formed in 200-290 °C, 

indicating the new ligands on Pd2+ ions should be NH3. However, it is hard to distinguish which 

state of Pd(NH3)x
2+ (x = 2 or 4) is more likely formed after calcination at 290 °C, as the mole 

ratio of ammonium to Pd in the Pd/NH4-SSZ-290 is much higher than 4 (around 9.5, details of 

the calculation are shown in SI). On the other hand, a part of the Brønsted acid sites was freed up 

in the 200-290 °C temperature range (Fig. 4b).  Based on the evidences above, it can be inferred 

that the Pd(NH3)x
2+ intermediates were formed following the equation below:  

Pd2+ + 2 NO3
- + (x+2) Z-NH4

+ = x Z-H+ + Z2···Pd(NH3)x
2+ + N2O + 2 H2O    (x = 2 or 4)        (1)  

Z = Si-O-Al and Z2 = 2 Si-O-Al. 

The formation of Z2···Pd(NH3)x
2+ indicates the ion-exchange process occurred after NH4NO3 

decomposition in 200-290 °C. While the Pd2+ ions were not coordinated to the framework (Fig. 

4c), implying that the Pd(NH3)x
2+ only had a weak interaction with the zeolite structure, due to 

the solvation of Pd2+ ions by NH3 (analogous to Cu-SSZ-13 [39]). The role of Pd(NH3)x
2+

 

intermediates on the Pd2+ ions dispersion was further discussed in section 4.2.  
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       With the temperature increase from 290 to 450 °C, the TGA-IR results (Fig. 2c) showed that 

the ammonium compounds (NH3 in Pd(NH3)x
2+ and NH4

+ on Brønsted acid sites) in Pd/NH4-

SSZ-290 were oxidized by oxygen over Pd species to N2 (Fig. 6 and Fig. S3b), and then Pd2+ ions 

occupied the ion-exchanges sites and all the Brønsted acid sites were freed up (Fig. 4b and 4c). 

Therefore, the transformation of Pd(NH3)x
2+ to Pd2+ ions in 290-450 °C likely follows the Eq. 2 

below: 

Z2···Pd(NH3)x
2+ + Z-NH4

+
 + (3x/4+3/4) O2 = Z2-Pd2+ + Z-H+ + (x/2+1/2) N2 + (3x/2+3/2) H2O (x 

= 2 or 4)    (2) 

In addition to the Pd2+ balanced by two nearby Si-O-Al sites (Z2-Pd), the Pd2+ ions can also be 

balanced by a single Al site as Pd(OH)+ [19, 40], which might be formed by the following 

reaction: 

Z2···Pd(NH3)x
2+ + Z-NH4

+ + (3x/4+3/4) O2 = Z-Pd(OH)+ + 2 Z-H+ + (x/2+1/2) N2 + (3x/2+1/2) 

H2O (x = 2 or 4)    (3) 

The schemes of the transformation of the Pd precursor in different temperature ranges are 

shown in Fig. 7. 

4.2. The effect of NH4
+ in NH4-SSZ-13 and oxygen in feed on Pd2+ dispersion 

It has been reported by Khivantsev et al. [22] that the higher Pd2+ dispersion was achieved in 

Pd/SSZ-13 using NH4-SSZ-13 as support than the one chose the H-SSZ-13 as support, 

demonstrating that the NH4
+ in NH4-SSZ-13 improved the Pd2+ ions dispersion. Indeed, our 

results also show that Pd/H-SSZ-600 prepared by Pd(NO3)2 impregnation on H-SSZ-13 

exhibited a much lower NO adsorption capacity than Pd/NH4-SSZ-600 (Fig. S5c). The TGA-IR 

results of Pd(NO3) impregnated on H-SSZ-13 conducted in air were shown in Fig. S5a. It 

displays that NO2, due to the decomposition of NO3
- in Pd(NO3)2, was released below 300 °C, 
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and no further weight loss and outlet gases were found above 300 °C, indicating that the Pd2+ 

ions ion-exchange process was completed after NO3
- decomposition. In comparison, as discussed 

above, the Pd2+ ions would be re-solvated by NH3 to Pd(NH3)x
2+ after the Pd dissociated from 

Pd(NO3)2 (Fig. 6). Therefore, it can be inferred that the formation of Pd(NH3)x
2+ intermediates 

helps to improve the Pd2+ ions dispersion. 

     The migration of metal ions toward the exchangeable sites of the zeolite is an essential step 

for the metal ions ion-exchange process [34]. In the preparation of Cu-SSZ-13, both the 

traditional solution ion-exchange (SIE) and solid-state ion-exchange method (SSIE) are the 

widely adopted methods [10, 32, 41]. In SIE, the hydrated Cu2+ possesses high mobility [34, 42, 

43].  The higher Cu2+ ions concentration of the solution outside the zeolite than on the inside 

provides the driving force for diffusion of the Cu2+ ions into the zeolite and for occupying the 

ion-exchange sites. In comparison, when the SSIE method is adopted, the Cu species mainly 

exist in the solid-state on the external surface of the zeolite. Therefore, in an SSIE prosses, high 

temperatures (typically above 700 °C) and a very long time (typically above 16 h) are needed for 

letting Cu migrate to the ion-exchange sites [41, 44]. However, Shwan et al. [45] found that in 

the presence the NH3, the Cu2+ ion-exchange in Cu-SSZ-13 by SSIE can be completed at low 

temperature (250 °C) in a short time (5-10 h), as NH3 can solvate Cu2+ ions to [Cu+(NH3)x]+ (x ≥ 

2) complexes which increase the mobility. In the Pd/NH4-SSZ-13, most of the Pd precursors 

have been penetrated the pore channel of SSZ-13 after impregnation, as proved by the XPS 

results (Fig. S7), which showed that weight ratio of Pd on the surface of Pd/NH4-SSZ-13 was 

1.30 wt.% (Pdsurface/(Si+Al+O+Pd)surface), much lower than the Pd weight ratio in the bulk (2.08 

wt.%, Pdbulk/(Si+Al+O+Pd)bulk) determined by ICP-OES. This can be further confirmed by the 

TEM-EDS results of Pd/NH4-SSZ-13 (Fig. S7), where the line scan results showed that the Pd 
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content on the surface of Pd/NH4-SSZ-13 was lower than that in the inner of zeolite. Therefore, 

the distance between Pd2+ ions and ion-exchange sites should be shorter in the Pd/NH4-SSZ-13 

prepared by the impregnation method than that prepared by the SSIE method. However, the 

distance cannot be ignored, especially that the kinetic energy for Pd diffusion to ion-exchange 

sites was only provided by heating for the samples by the impregnation method [32]. In the 

Pd/H-SSZ-13 and Pd/NH4-SSZ-13 sample, the ion-exchange processes of both samples were 

completed below 300 °C (Fig. 2c and Fig. S5), which might be not sufficient to provide enough 

energy for the Pd2+ ions migrating to the ion-exchange sites. However, in Pd/NH4-SSZ-13, the 

Pd2+ cations solvated by NH3 forming Pd(NH3)x
2+ would increase the mobility, which facilitates 

the Pd2+ ions occupying the ion-exchange sites, increasing the dispersion of Pd2+ ions. 

     The comparison of the TGA-IR results of Pd/NH4-SSZ-13 in N2 (Fig. 2b) and in air (Fig. 2c) 

indicates that oxygen takes part in the oxidation of ammonium compounds during Pd/NH4-SSZ-

13 activation. When calcination was carried out in N2, the ammonium compounds were released 

as NH3 instead of oxidizing over Pd sites (Fig. 2b) in the 290-550 °C temperature range, and the 

color of Pd/NH4-SSZ-13 turned to black after calcination at 600 °C (Fig. S8). The UV-vis results 

(Fig. S9) showed that PdO species was dominate in the N2 calcined samples. However, the PdO 

was unlikely formed when calcined in N2. Therefore, the PdO should be derived from the 

oxidation of metallic Pd in N2 calcined sample, when exposed to air after the calcination. It 

means that the metal Pd was formed during calcination under the N2 flow. In comparison, most 

of the Pd species in Pd/NH4-SSZ-600 calcined in air were Pd2+ ions (Fig. 4a), which still 

presented the color of light yellow (Fig. S8). The difference of the Pd state of those two samples 

highlights the critical role of oxygen on impacting the Pd2+ dispersion. In recent work, Ma et al. 

[34] investigated the transformation process of CuAc2 to Cu2+ in a CuAc2 impregnated H-SSZ-
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13 catalyst (CuAc2/H-SSZ-13) during calcination. Their in-situ DRIFTs spectra show that a Cu+-

CO intermediate was formed during CuAc2/H-SSZ-13 calcination in air, indicating the Ac2
- 

would be oxidized over the Cu2+ sites, which reduced the Cu2+ to lower valence state. A similar 

mechanism should also work for NH3 and NH4
+ oxidation catalyzed by Pd2+ sites. During the 

NH3/NH4
+ oxidation, the Pd2+ ions might be reduced lower valence state (but not metallic Pd), 

and then recovered to Pd2+ by the oxygen. However, without O2, the Pd2+ ions were over-reduced 

to Pd0 by NH3/NH4
+.  

There exist still some PdO particles in the Pd/NH4-SSZ-450 and Pd/NH4-SSZ-600 calcined 

in air (Fig. 4a and Fig. S4). As discussed above, the insufficient oxygen provided for ammonium 

compounds oxidation over Pd sites resulted in the formation of metallic Pd, which would be 

oxidized to PdO in the presence of O2 [17]. Therefore, the formation of PdO in Pd/NH4-SSZ-

450/600 might be related to the lack of oxygen taking part in ammonium compounds oxidation 

over Pd cations during calcination, which cannot re-oxidize all the Pd intermediate with low 

valence state back to Pd2+. However, the concentration of O2 (~20%) in the feed was much 

higher than the stoichiometric ratio required for the complete oxidation of ammonium 

compounds in Pd/NH4-SSZ-13. It is deduced that the concertation of oxygen probably was not 

the controlling factor in the oxidation, but the activation of oxygen over the Pd2+ cations sites 

might be. 

5. Conclusion 

This work provides insight into the chemistry that occurs during the preparation of Pd/SSZ-

13 by impregnation method, using Pd(NO3)2 as a precursor and NH4-SSZ-13 as support. It shows 

that the Pd precursor remained as Pd(NO3)2 after impregnation, and transformed to Pd(NH3)x
2+ 

during calcination in 200-290 °C, and then transformed to Pd2+ ions occupying the ion-exchange 
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sites by oxidizing NH3 ligands to N2 in the temperature range of 290-450 °C. The formation of 

Pd(NH3)x
2+ intermediates helps to improve the Pd2+ dispersion, probably due to its high mobility, 

which benefits the migration of Pd2+ ions to ion-exchange sites. Our results highlight the 

importance of choosing the NH4-SSZ-13 as support in the preparation of Pd/SSZ-13 as low-

temperature NO adsorption catalysts.  
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Fig. 1. TGA-IR results of NH4-SSZ-13 conducted in N2 (a) and air (b). 
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Fig. 2. TGA-IR results of HNO3/NH4-SSZ-13 in air (a), Pd/NH4-SSZ-13 in N2 (b), and Pd/NH4-
SSZ-13 in air (c).  

 

 

 

 

Fig. 3. TGA-IR results of Pd/NH4-SSZ-13 conducted in air. Test condition: ramping rate of 5 
ºC/min, thermal isolation at 290 °C for 40 min, then ramping to 600 ºC. Note that the fluctuating 
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DTG profile during the isolation at 290 °C is caused by unknown error of the instrument, which 
does not represent the gain or loss of weight, as proved by the flat TG profile in this period. 

 

 

 

 

 

 

Fig. 4. In situ FTIR spectra of Pd/NH4-SSZ-13 calcined at different temperatures. (a) CO 
adsorption (30 min) followed by N2 purge (3 min) at 25 ºC. (b) NO adsorption (30 min) followed 
by N2 purge (3 min) at 25 °C. (c) NH3 adsorption (30 min) followed by N2 purge (3 min) at 25 °C. 
The Pd/NH4-SSZ-13-290, -450, and -600 were pretreated in 20%O2/N2 at 290 °C for 1 h. The non-
calcined sample was pretreated in 20%O2/N2 at 100 C for 1 h. The spectra were collected against 
the background taken at 25 °C in N2. 
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Fig. 5. NO adsorption at 100 °C for 10 min followed with release (10 °C/min up to 600 °C) of 
Pd/NH4-SSZ-290 (a), Pd/NH4-SSZ-450 (b), and Pd/NH4-SSZ-600 (c). All the sample were 
pretreated at 290 °C. Only NO adsorption was conducted in Pd/NH4-SSZ-290. Reaction condition: 
200 ppm NO, 10% O2, 5% H2O, 5% CO2, and balanced by N2; flow rate of 250 mL/min. 
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Fig. 6. In situ DRIFTS of Pd/NH4-SSZ-13 during temperature programmed calcination at 
10 °C/min in 21% O2/N2. 

 

 

 

 

Fig. 7. Scheme of the transformation of Pd precursor in different temperature ranges. 
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Table 1.  The weight loss in different temperature ranges, NH4
+ loss ratio above/below 290 °C in 

TGA-IR measurement. 

 

a. Obtained from the result in Fig. 2b. 

b. Obtained from the result in Fig. 2c. 

 

 

Sample  200-290 °C 
(wt.%) 

290-550 °C 
(wt.%) 

NH4
+ loss 

above/below 290 °C 
     Pd/NH4-SSZ-13 N2

a 
O2/N2

b 
4.3 
4.3 

3.1 
3.1 

3.2 
3.2 
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