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Abstract:

 The Pd component in the automotive three way catalyst (TWC) experiences deactivation during fuel shutoff, a process employed by automobile companies for enhancing fuel economy when the vehicle is coasting downhill. The process exposes the TWC to a severe oxidative aging environment with the flow of hot (800 °C–1050 °C) air. Simulated fuel shutoff aging at 1050 °C leads to Pd metal sintering, the main cause of irreversible deactivation of 3% Pd/Al2O3 and 3% Pd/CexOy-ZrO2 (CZO) as model catalysts. The effect on the Rh component was presented in our companion paper Part I. Moderate support sintering and Pd-CexOy interactions were also experienced upon aging, but had a minimal effect on the catalyst activity losses. Cooling in air, following aging, was not able to reverse the metallic Pd sintering by re-dispersing to PdO. Unlike the aged Rh-TWCs (Part I), reduction via in situ steam reforming (SR) of exhaust HCs was not effective in reversing the deactivation of aged Pd/Al2O3, but did show a slight recovery of the Pd activity when CZO was the carrier. The Pd+/Pd0 and Ce3+/Ce4+ couples in Pd/CZO are reported to promote the catalytic SR by improving the redox efficiency during the regeneration, while no such promoting effect was observed for Pd/Al2O3. A suggestion is made for improving the catalyst performance.
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1. Introduction

The modern three way catalyst (TWC) for automotive emission control is bimetallic Rh-Pd supported on stabilized γ-Al2O3. Under stoichiometric air-to-fuel ratio, the TWC allows simultaneous conversion of engine exhaust pollutants (NOx, CO, and HCs) into innocuous N2, CO2, and H2O, respectively. A companion article (Part 1) provides more details on the background of the TWC technology.

The catalyst experiences severe deactivation during the fuel shutoff process, an automotive strategy for enhancing fuel economy by discontinuing the fuel flow when the vehicle is coasting downhill. This process deactivates the TWC by exposure to a high-temperature (800 °C–1050 °C) oxidizing environment. A subsequent return of engine operation to slightly fuel rich conditions allows almost complete regeneration of Rh-TWC by reduction of the oxidized Rh species. H2 generated through in situ steam reforming (SR) of exhaust HCs (i.e., C3H8), is catalyzed by the Rh and Pd metal sites remaining active (Rxn. 1). The mode of operation has been practiced in the automotive industry for a number of years. Our research objective is to study the reaction mechanism and the catalyst surface physicochemistry during both the aging and the attempted regeneration processes for the Pd component in the TWC.
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Rxn. 1




Our research report is divided into two parts, with focus on Rh- (Part I) and Pd- (Part II) TWCs both supported on γ-Al2O3 or Ceria-Zirconia (denoted as CZO). The influence of simulated fuel shutoff aging and attempted catalyst regeneration on the catalyst performance and the catalyst surface physicochemistry were examined. Part I reveals that the Rh-support interactions were the major cause of catalyst deactivation and could be reversed by this reduction/regeneration procedure consistent with current vehicle operation.

The present Part II study reports the stability of Pd/Al2O3 and Pd/CexOy-ZrO2 as model catalysts for automotive TWC during simulated fuel shutoff aging and attempted fuel rich regeneration cycle tests. The study examines the effect of the fuel rich conditions on Pd-TWC, an effective approach for maintaining the catalytic performance of Rh-TWC. The catalytic activity tests were performed in combination with catalyst characterization measurements including XRD, BET surface area, TEM, and H2-TPR to correlate the catalyst performance to the catalyst property after aging/attempted regeneration.



2. Results and Discussion


2.1. Aging-Induced Pd Sintering: The Primary Catalyst Deactivation Mode

Figure 1 compares the activity of the fresh and aged Pd catalysts as measured by steam reforming H2 production (mol % in the product) at simulated fuel rich condition. Generally, catalyst deactivation was modest at the lower aging temperature (800 °C), but was accelerated with increasing aging temperature up to 1050 °C. The extent of deactivation varied with the support material. The reforming activity for Pd/Al2O3 showed little change after 800 °C aging. In contrast, Pd/CZO continuously deactivated as the aging temperature increased. The SR conversion losses at 350 °C for Pd/Al2O3 and Pd/CZO were respectively 59.67% and 72.29% after aging at 1050 °C.

Figure 1. Activity of fresh and aged (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO in converting simulated engine exhaust gas at fuel rich condition. Catalyst activity is plotted in terms of H2 product mole fraction as a function of reaction temperature (200 °C to 550 °C). Aged catalysts were obtained by treating fresh ones in air at 800 °C, 950 °C, or 1050 °C for 5 min, followed by cooling to room temperature in air.
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The catalyst activity after attempted regeneration (reduction by SR at simulated fuel rich condition) is compared in Figure 2. Attempted regeneration was not very effective in restoring the activity of Pd catalysts, with no gain in activity for 3% Pd/Al2O3 and a modest conversion increase for 3%/CZO shown. Table 1 summarizes the T50s (temperature at which 50% maximum equilibrium H2 production is reached during activity tests) of the Pd catalysts before and after aging/attempted regeneration, in comparison with the Rh catalysts. It is clear that the deactivated Rh catalysts were essentially fully regenerated while Pd catalysts were not. Clearly supported Rh and Pd have different deactivation modes.

Figure 2. Activity of fresh, aged, and attempted regenerated (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO in converting simulated engine exhaust gas at fuel rich condition. Aged catalysts were obtained by treating fresh ones in air at 1050 °C for 5 min, followed by cooling to room temperature in air. Attempted catalyst regenerations were performed by SR at rich condition at 550 °C for 1 h.
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Table 1. T50s (°C) of fresh, aged, and attempted regenerated 3% Pd/Al2O3 and 3% Pd/CZO, in comparison with 0.5% Rh/Al2O3 and 0.5% Rh/CZO as reported in Part I.



	
Catalyst

	
Fresh

	
After Aging in Air for 5 min at Different T

	
After Attempted Regeneration *




	
800 °C

	
950 °C

	
1050 °C






	
0.5% Rh/Al2O3

	
375

	
415

	
460

	
470

	
375




	
0.5% Rh/CZO

	
334

	
365

	
431

	
435

	
330




	
3% Pd/Al2O3

	
360

	
367

	
375

	
390

	
390




	
3% Pd/CZO

	
315

	
320

	
355

	
387

	
370






Annotation: * Attempted catalyst regenerations were performed at 550 °C in propane-containing feed gas.










The aging study was extended to multiple cycles consistent with the vehicle operations. The activity of both catalysts after every five cycles of aging-attempted regeneration are plotted in Figure 3. Continuous losses in the catalyst ability to be regenerated were observed with increasing number of cycles. The regenerability of Pd/CZO was always slightly greater than Pd/Al2O3 in each cycle, based on the lower temperature for H2 conversion and its larger slope. However, continuous catalyst deactivation was experienced by Pd/CZO even up to 20 cycles of aging. In comparison, Pd/Al2O3 seemed to stabilize at five cycles and beyond.

Figure 3. Activity of attempted regenerated (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO catalysts after 1, 5, 10, and 20 cycles in the aging-regeneration cycle tests. After every five cycles of aging/regeneration. The catalyst activity is plotted in terms of H2 product mole fraction as a function of SR temperature from 250 °C to 550 °C.
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Figure 4 shows the H2 production vs. time on stream (TOS) during the attempted regeneration in the first five cycles for both Pd catalysts. For 3% Pd/Al2O3, no enhancement in SR performance was observed for each attempted regeneration cycle, confirming that the Pd/Al2O3 is non-regenerable by this treatment. For 3% Pd/CZO, the SR performance was observed to slowly increase indicating a slight recovery of catalyst activity.

Figure 4. H2 productions as a function of time on stream (TOS) during attempted regeneration processes in simulated fuel shutoff aging-attempted fuel rich regeneration cycle tests (First 5 cycles out of total 25 cycles) with (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO. In each cycle, the catalyst sample was first aged in air at 1050 °C for 5 min, followed by attempted in situ regeneration at fuel rich condition at 550 °C for 1 h.
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These results indicate similar deactivation mechanisms for the two catalysts but a small regenerating effect for Pd/CZO was observed. TEM studies will confirm that Pd sintering is a major cause of deactivation.



Previous studies reported that Pd metal sintering was prominent at high temperature (≥800 °C), and was a major contributor to Pd catalyst deactivation [1,2,3,4]. Upon aging at 1050 °C, metal sintering occurred for both of our Pd catalysts. Metal sintering in Pd/Al2O3 was more or less complete after multiple aging-regeneration cycles (>10 Cycles), leading to relatively stable catalyst performance. In contrast, metal sintering also occurred in Pd/CZO, but continued with each cycle resulting in a continuous decrease in catalyst activity. Metal sintering in aged Pd/CZO is more difficult to be stabilized than for Pd/Al2O3.

It is useful to mention that even though CZO has some steam reforming activity especially at high reaction temperature, Pd is always the active sites in the in situ catalyst regeneration. In another measurement (Figure 5), it is shown that the catalytic steam reforming activity increased dramatically with Pd loaded, compared to that of the CZO support-only.

Figure 5. Activity of fresh Pd/CZO catalysts with different metal loadings (0%, 0.5%, 1%, and 3%) in converting simulated engine exhaust gas at fuel rich condition. Catalyst activity is plotted in terms of H2 product mole fraction as a function of reaction temperature (200 °C to 550 °C). Reaction feed: 500 ppm propane, 10% H2O, and N2 balance, with total GHSV of 30,000 h−1.
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Significant Pd metal sintering, after aging, was observed by TEM measurements, with representative images presented in Figure 6, and TEM-derived metal particle size distributions of 3% Pd/Al2O3 and 3% Pd/CZO catalysts before and after aging and attempted regeneration are shown in Figure 7. The Pd and support (Al2O3 or CZO) crystals are differentiated by their distinct shapes, crystallite size, and electron transmission ability. Pd/support (Al2O3 or CZO support) crystallographic structure was previously identified by the dark particles distributed on light background in their TEM images [5,6,7,8]. The electron scattering intensity from thin specimens follows the Z2 dependence of Rutherford’s law, where Z is the atomic number. For example, one Pt atom scatters as strongly as about 100 oxygen atoms or 32 silicon atoms. The technique is highly successful in detecting clusters of catalytic active metals such as Pt, Pd, or Rh, on light supports such as zeolites, or mesoporous silica and alumina [9]. It should be admitted that the metal-support contrast can also be affected by the exposed crystallite plane orientation. The crystallite shapes and sizes are therefore used to facilitate differentiation of the Pd metal from the support. In our TEM result, fresh Pd/Al2O3 (Figure 6a) is characterized by well-dispersed dark spherical spots (Pd metal) with a narrow range of small diameters (with mean Feret diameter of 4.08 nm) supported on needle-like Al2O3 crystal. Fresh Pd/CZO (Figure 6d) is characterized by visible faceted spherical spots (Pd metal) with a mean Feret diameter of 5.73 nm, supported on cubic shaped CexOy crystallite structure with ZrO2 incorporated.

Figure 6. Representative TEM images of fresh, aged, and attempted regenerated 3% Pd/Al2O3 (a–c) and 3% Pd/CZO (d–f). Aged samples were achieved by aging the fresh catalyst in air or N2 at 1050 °C for 5 min. Attempted catalyst regenerations were performed by at rich condition at 550 °C for 1 h.
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Figure 7. TEM-derived Pd metal particle size distributions of fresh, aged, and attempted regenerated (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO. Aging and attempted regeneration conditions were as described in Figure 6.
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After 1050 °C aging, significant Pd sintering was observed in the TEM images showing increased crystallite sizes. The metal size distributions of Pd/Al2O3 (Figure 6b) and Pd/CZO (Figure 6e) shifted to higher values, with predominant particle sizes of 10–12 nm and maxim particle diameter up to 20 nm. Ostwald Ripening has been reported to be the dominant process causing the growth of Pd nanoparticles leading to losses of metal surface area and catalyst activity [10]. After attempted regeneration (Figure 6c,f), little change in the crystallite size distributions were found, proving that the regeneration method was neither effective in reversing metal sintering, or causing any further catalyst deactivation.

Consistent with a recent study by Chen et al. [11], Pd metal sintering was the principle mode of catalyst deactivation when Al2O3 was the support upon thermal oxidation. Compared to metal sintering, the authors claim support phase change and Pd-Al2O3 interactions were less significant and less responsible for catalyst deactivation.

Farrauto, et al. [12], found in 1992, that well dispersed PdO on Al2O3 decomposes to Pd at 800 °C in air in two distinct steps. The first step occurs between 750 °C and 800 °C, and a second decomposition happens between 800 °C and 850 °C, causing a greater extent of Pd sintering and agglomeration. Subsequent cooling in air below 650 °C causes some re-dispersion with the formation of a surface rich in PdOx (PdOx-Pd/Al2O3). The re-dispersion model was confirmed by Datye, et al. [13], who further demonstrated that PdO decomposition at higher temperatures (>800 °C) leads to re-dispersion being more difficult. The hysteresis (temperature difference) for decomposition and reformation is also strongly dependent on the nature of the support material [14,15], in the following decreasing order: ZrO2 > Al2O3 > Ta2O3 > TiO2 > CeO2. Compared to PdO/Al2O3, there exists a large region of temperature stability of the PdO when dispersed on CeO2. However, the aging temperature (1050 °C) in our study was much higher than previously reported. Therefore, attempted re-dispersion upon air-cooling was not effective in reversing the severe Pd sintering. Clearly if PdO could be stabilized against decomposition to Pd above 800 °C, extensive sintering would not likely occur. Some advances in this concept have been reported in a US patent in which PdO forms a binary oxide with praseodymium [16]. These materials are stable above 1000 °C however do sacrifice some activity relative to PdO only. A stable PdO suggests that decreases in the amount of Rh in the TWC might be possible since Pd has good NOx activity. Its high NOx activity was exploited in the mid-1990s when all Pd catalysts (Rh free) were commercialized in TWC when regulations were not as demanding as they are today [17].





Metal sintering and metal-support interactions (Pd–O–Ce) are suggested as the two causes of catalyst deactivation for Pd/CZO. Only the metal-support interactions (Pd–O–Ce) could be slightly reversed by regeneration. The slightly enhanced activity of Pd/CZO after attempted regeneration, was likely attributed to the enhanced redox between Pdx+/Pd0 and Ce4+/Ce3+ couples. Similar to Rh, Pd was reported to promote the transformation of Ce4+ to Ce3+ when deposited on CZO [18]. Due to the higher energy potential of the Ce4+/Ce3+ redox couple (1.61 eV) than that of the Pd2+/Pd0 (0.915 eV), oxygen vacancies form easily and act as the enhancement of oxygen spillover and back-spillover processes at the Pd/CZ interfaces [19]. The formation of Pdx+/Pd0-Ce4+/Ce3+ redox couples therefore benefits the oxygen-buffering effect, and facilitates molecular bond dissociation during catalytic reactions [20,21,22,23,24].



2.2. Support Sintering and Pd-Support Interaction: Other Catalyst Deactivation Modes

Support sintering occurred for both Al2O3 and CZO and was accelerated with increasing aging temperature, as indicated by the sharp decreases in BET surface area (Figure 8). Most significant losses in surface areas occurred above 950 °C (IV in Figure 8). Aging at >950 °C for a 5 min period introduced measureable sintering of Al2O3, but was insufficient for the phase transformation of γ-Al2O3 to θ-Al2O3 [25,26]. CZO sintering was previously reported accelerated in the presence of supported Pd [27]. Even though the extent of support sintering after high temperature (1050 °C) aging was significant metal encapsulation was negligible as confirmed by TEM (Figure 6). The observed crystallite sizes of the sintered Pd metal and Al2O3 or CZO support were comparable in aged samples. After 1050 °C aging, metal sintering was sufficient and the enlarged Pd particles were not able to be encapsulated by support crystals with similar sizes.

Figure 8. BET surface areas of fresh and aged (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO, as a function of aging conditions. Aged samples were obtained by aging the (I) fresh catalysts in air at the following conditions: (II) 800 °C for 5 min, (III) 800 °C for 1 h, (IV) 950 °C for 5 min, or (V) 1050 °C for 5 min. The aging processes were followed by cooling in air to room temperature. As a reference, BET surface areas of support materials were measured 142.9 m2/g and 60.3 m2/g respectively for fresh Al2O3 and CZO.
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Powder X-ray diffraction (XRD) was used to investigate the phase structures of the fresh and aged 3% Pd/Al2O3 and 3% Pd/CZO catalysts. The XRD patterns of the 3% Pd/Al2O3 samples are shown in Figure 9a,b, with XRD peaks indexed to three phases, i.e., γAl2O3, Pd, and PdO. Well-structured tetragonal γAl2O3 are characterized by exclusive (220), (311), (400), and (440) reflections and invariable (111), (222), (511), (444) planes. In agreement with the BET result, sintering of the Al2O3 support is confirmed by increased crystallite size as confirmed by the Scherrer Equation. The visibility of metal/metal oxide XRD patterns is improved by aging, due to extensive metal sintering experienced by Palladium. The XRD patterns of the tetragonal PdO and cubic Pd crystallite structures in aged samples are visible but are of relative low intensity due to the low metal loading (3%) and small crystallite size. Consistent with literature [12], PdO is formed during the air cooling. The most significant reflections of aged PdO are (110), (112), and (211). The Pd peaks including (111) and (200) partially overlap with the Al2O3 patterns, and are only identifiable in aged samples.

Figure 9. X-ray diffraction (XRD) patterns for (a) Fresh 3% Pd/Al2O3; (b) Aged 3% Pd/Al2O3, (c) Fresh 3% Pd/CZO; (d) Aged 3% Pd/CZO; and the zoomed views of (c,d). Aging condition: 1050 °C in air for 5 min. XRD patterns were obtained by using Cu-Kα1 radiation (λ = 1.5406 Å).
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The XRD patterns of the fresh and aged 3% Pd/CZO are shown in Figure 9c,d, with zoomed view of the aged Pd/PdO-related patterns shown at the bottom of Figure 1. Based on our observation and a previous report [28], it can be concluded that most of the Zr incorporated into the CeO2 phase forms a ZrxCe1−xO2 solid solution of cubic symmetry, where x is equal to the actual Zr loading (~67%). Similar to Pd/Al2O3 samples, significant sintering of both the metal and the support are suggested by Scherrer equation after aging.



The mean metal and support crystallite size analyses by XRD and TEM are compared in Table 2. The full-width at half maxima of the (400) and (111) peaks of respectively the γAl2O3 and CZO phases are used for the support crystallite size calculations. PdO (110) peak is used for the metal crystallite size calculations for the aged samples for both Al2O3 and CZO supports. The fresh metal crystallite sizes cannot be detected. The crystallite size results are consistent for both the XRD and TEM. Compared to CZO support, Al2O3 presents more refractory nature towards thermal oxidative aging, which is in agreement with the BET result.


Table 2. Support mean crystallite sizes of the fresh and aged (1050 °C in air for 5 min) 3% Pd/Al2O3 and 3% Pd/CZO measured by TEM and XRD.



	
Catalyst

	
Metal Crystallite Size (nm)

	
Support Crystallite Size (nm)




	
XRD

	
TEM

	
XRD

	
TEM






	
Fresh 3% Pd/Al2O3

	
Fresh

	
--

	
4.1

	
7.2

	
7.0




	
Aged

	
10.3

	
11.3

	
7.7

	
7.4




	
Fresh 3% Pd/CZO

	
Fresh

	
--

	
5.7

	
7.3

	
6.5




	
Aged

	
12.9

	
11.2

	
12.6

	
12.0











The H2-TPR profiles of Pd catalysts are profiled with normalized H2 consumption as a function of programmed temperature in Figure 10. A negative H2 consumption peak (release of H2) around 71 °C were ascribed to the release of hydrogen from palladium hydride β-PdHx [29,30,31]. β-PdHx was formed during H2 purge prior to TPR analysis (to achieve TPR baseline), when H2 was absorbed by metastable Pd crystallite particles at ambient temperature. The peak correlated well with the average PdO crystallite size, since the hydride formation is a bulk phenomenon [32]. The larger amount of H2 released with increasing aging temperature indicates the existence of larger size Pd crystallites with a greater capacity for adsorbing H2 via hydride formation. This further supports the Pd metal sintering observation.

Figure 10. Normalized H2 consumption in H2-Temperature Programmed Reduction (H2-TPR) measurements of fresh and aged (a) 3% Pd/Al2O3 and (b) 3% Pd/CZO, as a function of reducing temperature. Aged samples for measurements were respectively achieved by aging the fresh ones in air at the following conditions: 800 °C for 5 min, 800 °C for 1 h, 950 °C for 5 min, or 1050 °C for 5 min.
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Pd reduction peaks at higher temperatures (~300 °C) were observed for both catalysts, and were either assigned to the hydrogen consumption by a spillover from Pd to the support material [33,34], or to the reduction of stable PdOx species in intimate contact with the support [35]. In either case, high temperature-H2 consumption is attributed to the interactions between the well dispersed PdOx species and the ceria support. The existence of Pd–O–Ce interaction is evident by both the TPR and the activity results. Note that during attempted regeneration, Pd–O–Ce interaction could be partially reversed assisted by the Pdx+/Pd0 and Ce4+/Ce3+ redox couples, while Pd/Al2O3 showed no detectable regeneration. Compared to the low temperature reducible PdO crystallites as mentioned before, the PdOx particles in close contact with the support have smaller crystallite size. The number of the interactive PdOx particles decreased by being “agglomerated” into the larger PdO, creating a more sintered particle with a decrease in the high temperature H2 consumption. However, the intensity of the metal-support interaction became stronger, as indicated by the shift of the reduction temperature to even higher temperature.

The interaction of Pd with CeO2 in intimate contact enhances the reducibility of the support [36], and positively influences the redox state of the active metal [37,38,39,40]. For fresh and aged Pd/CZO, the TPR peaks observed between 100 °C and 120 °C are attributed to the reduction of Ce4+ to Ce3+ assisted by Pd. In comparison, the reduction of ceria for CZO support (no Pd present) occurs at much higher temperature (~600 °C). With increasing aging temperature, the Pd-assisted reduction of ceria becomes more difficult as evident by the increased reducing temperature due to the loss of well dispersed Pd particles (in intimate contacts with CeO2) consumed by the sintering process.



The proposed deactivation and attempted regeneration mechanisms for 3% Pd/Al2O3 and 3% Pd/CZO after aging at 1050 °C and the fuel rich H2 treatment (550 °C) is sketched in Figure 11. For Pd on both supports, metal sintering was the main cause of catalyst deactivation. The aging temperature was sufficiently high for PdO decomposition to Pd, leading to significant metal sintering. Subsequent cooling was unable to reverse sintering via PdO reformation or re-dispersion. Aging also led to modest Pd–O–Ce interactions, which occurred mostly at the Pd/CexOy interfaces. The Pd species participated in the aging-induced metal-support interactions (indicated as red arrows) are highlighted with red borders. H2 treatment (attempted regeneration) was not effective in reversing the sintering of 3% Pd/Al2O3, but did allow slight reactivation of the aged 3% Pd/CZO by “releasing” the Pd species from the Pd–O–Ce interaction assisted by the Pdx+/Pd0 and Ce4+/Ce3+ redox couples, by enhancing the redox efficiency. The electron current flowing between the metal and support redox couples is highlighted in purple. In any case, the metal-support effects were negligible compared to the metal sintering, with the latter being the primary cause of irreversible Pd-TWC deactivation during thermal oxidative aging.

Figure 11. Schematic of proposed model for deactivation and regeneration of 3% Pd/Al2O3 and 3% Pd/CZO during simulated fuel shutoff aging (1050 °C) and fuel rich regeneration (550 °C).
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3. Experimental Section


3.1. Catalyst Materials

3% Pd/Al2O3 and 3% Pd/CexOy-ZrO2 (denoted as CZO with Ce:Zr atomic ratio of 1:2) were selected as model catalysts for the supported Pd component in automotive TWC. The catalysts and the reference support materials were supplied by BASF Iselin, NJ, USA. The catalysts were prepared by incipient wetness impregnation of the precursor salts (proprietary) onto the support (γ-Al2O3 or CZO), followed by calcination in air at 550 °C for 2 h. The final catalyst sample had an average particle size of less than 30 μm, and was stored in ambient air.



3.2. Catalyst Activity Tests after Aging and Attempted Regeneration

The fuel shutoff process was simulated by aging the fresh catalysts in air at 800 °C, 950 °C, or 1050 °C for a 5 min period. The aged catalysts were cooled to room temperature in ambient air. Attempted catalyst regeneration was performed by exposing the aged sample to a reducing atmosphere generated by SR with a mixture feed of 500 vppm propane, 10 vol % steam, 8 vol % CO2, and N2 in balance. These tests were conducted at GHSV of 120,000 h−1 at 550 °C for 1-h, simulating a slightly rich condition.

The catalyst regenerability was evaluated by measuring SR reforming activity at the same reaction feed as above with temperature scans from 200 °C to 550 °C, in 50 °C increments with a 30 min-hold at each temperature. The catalytic conversions were conducted far from the equilibrium.



3.3. Catalyst Stability during Aging-Attempted Regeneration Cycle Tests

Catalytic cyclic tests (25 cycles in total) were performed to simulate the automotive engine operation cycles of oxidation (at fuel shutoff mode) followed by reduction (at fuel rich mode). The simulated fuel shutoff and rich conditions were maintained as described in Section 2.2, except the fuel shutoff temperature of 1050 °C was used. The catalytic SR activity after every five cycles were measured as described.



3.4. Catalyst Characterization

The Brunauer-Emmett-Teller (BET) surface areas of the fresh and aged samples were determined using a Quantachrome ChemBET Pulsar TPR/TPD unit, equipped with a TCD detector. About 0.05 g of catalyst sample was outgassed in pure N2 at 200 °C for 2 h, followed by N2 adsorption performed with 30% N2/He. The TCD signal was calibrated using the external standard method, and the monolayer N2 adsorption was evaluated by the single point BET approach.

The Transmission Electron Microscopic (TEM) images of the fresh, aged, and attempted regenerated samples were taken with a JEOL 1400 TEM unit at Center of Functional Nanomaterial, Brookhaven National Lab. The TEM measurements were operated at an accelerating voltage of 120 kV. The catalyst powder sample was dispersed in pure ethanol (200 proof), followed by sonication for 3 h, and deposition on a Lacey carbon film supported Cu grid (200 mesh). For each sample, 50–60 TEM images with different magnifications at multiple spots were taken, and no less than 400 individual palladium particles were counted with ImageJ software. The mean surface area-weighted palladium particle size is calculated using Equation (1) [41]:
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(1)




where [image: there is no content] is the number of particles in Feret diameter [image: there is no content] and [image: there is no content].
The XRD patterns of the fresh and aged catalysts were generated with a PANalytical X’Pert3Powder XRD unit. The powdered samples were single scanned between 15° and 90° with an incremental step of 0.01313° and a time per step of 300 s. The mean crystallite sizes [image: there is no content] for the bulk γ-Al2O3 and CZO support were determined with a precision of ±10% from the line broadening of the most intense reflections using Scherrer’s equation Equation (2) [5,28,42,43,44,45].
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(2)




where [image: there is no content] is the FWHM (full width at half maximum, in radians) of the selected diffraction peak, [image: there is no content] (in radians) is the Bragg angle, [image: there is no content] is the numerical constant, and λ = 0.15406 nm is the wavelength of the X-ray incident beam (Ni filtered Cu Kα).
The catalyst redox properties were studied by H2-Temperature Programmed Reduction (TPR). The measurements were carried out with the same Quantachrome unit as described above. About 0.1 g of catalyst sample was first outgassed in pure Helium at 150 °C for 2 h, and then cooled to room temperature. The TPR analysis was performed subsequently by heating the sample in a U-tube reactor to 800 °C at 5 °C/min in 4% H2/N2. Prior to TPR analysis, 4% H2/N2 was purged in at ambient temperature for 30 min to achieve TPR baseline. The TCD signal (corresponding to H2 uptake) was normalized per gram of catalyst.




4. Conclusions

Both Rh and Pd components in automotive three way catalysts (TWC) experience deactivation during fuel shutoff through thermal oxidative aging (~1050 °C). A subsequent return to slightly rich of stoichiometric air-to-fuel ratio allows H2 to be formed by steam reforming (SR) of engine exhaust HCs. Different deactivation and regeneration mechanisms occurred for Rh- and Pd-catalysts. Part I reported that the SR regeneration method was effective in reversing the deactivation of Rh-TWCs mainly by reducing and freeing the Rh from the metal-support interactions. Part II (the present paper) demonstrated that the attempted regeneration was not effective in recovering the activity of aged Pd-catalysts mainly due to extensive metal sintering. In summary,


	(1)

	Attempted in situ regeneration, through H2 generation via catalytic steam reforming (SR), although effective for Rh catalysts, could not reverse the deactivation of Pd/Al2O3 due to the severe metal sintering, but allowed a slight recovery of catalyst activity for Pd/CZO. For the latter catalyst, the enhanced redox between Pdx+/Pd0 and Ce3+/Ce4+ couples were likely promoting the catalytic SR regeneration.



	(2)

	Severe aging conditions also led to support sintering and some metal-support interactions for Pd–O–Ce. The metal support interaction had little effect on performance.



	(3)

	Metal re-dispersion by PdO reformation when cooled in air did not significantly occur due to the high degree of Pd sintering that occurred at 1050 °C.





In TWC, CO and HC oxidation activities will be greatly decreased by severe Pd sintering occurring during fuel shut off. It would be a breakthrough if PdO, the active state, could be stabilized against decomposition of Pd metal without the sacrifice of very much of its activity. A thermally stable PdO suggests that decreases in the amount of Rh in the current TWC might be possible since Pd has good NOx activity. Its high NOx activity was exploited in the mid-1990s when all Pd catalysts were commercialized in TWC when regulations were not as demanding as they are today.
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