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Abstract:

Passive selective catalytic reduction (SCR) is a promising approach for the control of 

NOX emissions in lean burn gasoline exhausts. It requires ammonia (NH3) to be produced over a 

three-way catalyst (TWC) during periods of fuel-rich operation for the reduction of NOX during 

periods of fuel-lean operation. Previous research has shown the viability of this system but has not 

examined the effects of hydrothermal degradation. This work is focused on evaluating the effects 

of hydrothermal aging on the TWC in a passive SCR system. Two catalysts were studied: a Pd-

only TWC, and a NOX storage TWC. Samples were aged at 920°C for 100 hours using a four-

mode hydrothermal aging procedure. This causes the catalyst to be oxidized and reduced, as it 

would in a real system. The effects of aging were evaluated using simulated exhaust under both 

steady state and lean-rich cycling conditions. Hydrothermal aging caused significant changes in 

catalyst activity, leading to a decrease in low temperature conversion of carbon monoxide (CO) 

and propane (C3H8) on both catalysts, and degradation of oxygen storage and NOX storage 

components. However, the catalysts maintained their activity for NOX conversion and NH3 
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production, showing sufficient activity for the operation of a passive SCR with an optimum 

projected fuel consumption of 92-98% compared to stoichiometric operation.

1. Introduction

Despite the growing prevalence of alternative fuels and renewable energy, petroleum based 

fuels accounted for 92% of transportation energy use in 2016 [1]. Furthermore, 54% of that 

petroleum energy was consumed by gasoline engines in cars and light trucks. This significant 

portion of the United States energy consumption represents a viable opportunity for combatting 

the rising demand for petroleum in the United States. Even a modest increase in the fuel economy 

of these small gasoline engines can have a significant impact on the total United States petroleum 

consumption. However, any technology that is used to improve fuel efficiency in these engines 

must also comply with increasingly strict emissions regulations. EPA tier 3 regulations require 

both increased fuel efficiency and decreased emissions compared to previous regulations [2].

Lean burn engines are a promising technology to improve fuel economy. By combusting 

gasoline with a high air-fuel ratio (AFR), lean burn engines provide increased fuel efficiency and, 

by extension, decreased carbon dioxide (CO2) emissions. Research conducted by Parks et al. has 

shown that operating in a fuel lean environment can increase an engine’s efficiency by up to 15% 

over stoichiometrically operated engines [3]. However, because conventional three-way catalysts 

are not able to reduce NOX emissions in this oxygen-rich exhaust, leading to NOX emissions up to 

0.35 g/mile, far exceeding the 0.03 g/mile limit set by EPA Tier 3 regulations. These elevated NOX 

emissions are a significant hurdle and currently the primary obstacle to the widespread commercial 

implementation of lean burn engines.

The primary methods for the elimination of NOX in oxygen-rich exhausts fall into two 

categories: NOX storage and reduction (NSR) and selective catalytic reduction (SCR) [4]. The first 
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NSR systems were designed by Toyota in the mid 1990’s [5]. Since then, NSR systems have seen 

some commercial success, being implemented by various automobile manufacturers over the last 

20 years. Much like standard TWCs, NSR catalysts generally use platinum group metals (PGM) 

for the oxidation and reduction reactions. In addition, these NSR catalysts also incorporate barium 

as a NOX storage component. NOX in the exhaust can be stored on the barium as a nitrate species 

for later reduction [6]. To reduce the NOX, NSR systems require the engine to run with an excess 

of fuel for a brief period to provide reductants capable of reacting with the nitrates on the surface. 

While these systems have been used in several vehicles, NOX will often only be partially reduced 

to N2O, a very strong greenhouse gas, or it can desorb without reacting, preventing the system 

from meeting emission regulations  [7,8].

Another approach to NOX control in lean exhausts is SCR using either hydrocarbons or 

urea as a reductant. Urea is the most commercially successful reductant, being implemented into 

both stationary pollution sources and heavy-duty diesel engines. In a urea-SCR system, the NOX 

reduction generally takes place on a separate, specialized catalyst, while the oxidation reactions 

take place upstream on a more typical three-way catalyst [9,10]. This is unlike the NSR system, 

where the oxidation of CO and hydrocarbons take place on the same catalyst as the NOX storage 

and reduction. The most common SCR catalysts are vanadia and ion-exchanged zeolites, 

containing either iron or copper [11–14]. In these systems, an aqueous solution of urea is injected 

into the hot exhaust after the oxidation catalyst. The urea is rapidly hydrolyzed to ammonia (NH3), 

which then reduces the NOX in the exhaust primarily through standard SCR and fast SCR reactions, 

shown in equations 1 and 2. 

4NH3 + 4NO + O2 → 4N2 + 6H2O (1)

2NH3 + NO + NO2 → 2N2 + 3H2O (2)
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The full mechanism, surface species formed, and rate limiting step of urea-SCR on a Cu-zeolite 

catalyst were studied by Janssens et al. They concluded that these two reactions form a 

complementary reaction cycle, where the rate-limiting step is the oxidation of NO into a nitrate on 

the Cu site [15]. 

There are some concerns with implementing urea-SCR systems for lean burn gasoline 

engines. While they have proven effective in reducing NOX emissions in diesel exhaust systems, 

they require several additional design considerations over traditional, stoichiometrically operated 

gasoline systems. First, they require an additional tank to store the urea solution. This can be costly 

for a small vehicle where space is at a premium, and it can be off-putting to consumers to have an 

additional tank to fill. Second, they require a urea injection and control system. This can be 

expensive to produce for the automobile manufacturer since it requires several additional sensors 

and plumbing to transport and inject the urea [16,17]. A passive SCR system was proposed that 

would reduce NOX from lean burn engines without the need for a urea tank or an injection system 

[18]. This system requires periodic switching between a fuel rich phase, where NH3 is produced 

over a close-coupled TWC, and a fuel lean phase where excess NOX can be reduced by NH3 stored 

on a downstream SCR catalyst.

While a passive SCR system requires two catalysts, this research is focused on the close 

coupled TWC. TWCs have a long history of research and NH3 has long been seen as a secondary 

pollutant from automobile exhaust. However, since it was recently proposed that it would be 

possible to use the NH3 in the exhaust for SCR of NOX, research has been conducted on the 

promotion of NH3 production on TWCs. The mechanism for NH3 production was investigated by 

Rahkamaa-Tolonen et al. [19]. Their work indicated that NH3 was produced through the adsorption 

of NO and H2 on the PGM surface. H2 rapidly dissociated into H species, while NO dissociation 
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is slower. Adsorbed H species can aid in the dissociation of NO, by reacting to form N and OH 

species on the surface. The adsorbed N and H species then reform into NH3. They reported that 

the dissociation of NO, which can be aided by adsorbed H species, is the rate limiting step for this 

reaction. Work by Oh and Triplett showed that the presence of CO in the exhaust stream can have 

beneficial effects on the reduction of NOX to NH3 on Pd-based TWCs [20]. Their work showed 

that CO can benefit the system through the production of H2 via the water gas shift reaction, aiding 

in the reduction of NO directly, and the formation of reactive intermediates, such as isocyanate 

species on the Pd surface. A study by Adams et al. focused on NH3 production on platinum or 

palladium catalysts supported on Al2O3 [21]. They found that both platinum and palladium on 

Al2O3 were very effective for the production of NH3, however it was determined that palladium 

catalysts were more effective due to their activity for WGS and the potential for reactive 

intermediates to form on the surface, corroborating earlier evidence by Oh. Finally, previous 

studies within this research project have used simulated exhaust studies to show that TWCs can 

produce the required NH3 during fuel rich operation to reduce NOX emissions, and still have up to 

10% increased fuel economy []. These results were validated through engine testing, 

demonstrating the potential for passive SCR in a realistic system [22]. It is well documented that 

NH3 production over TWCs is a viable route for the delivery of NH3 to an SCR catalyst.  However, 

the effect of hydrothermal aging on the long-term operation of a passive SCR system has not been 

thoroughly explored.

Hydrothermal aging of automotive catalysts has been a major concern since their inception. 

Investigations throughout the years has shown that metal sintering is one of the primary sources 

of catalyst deactivation during operation [23].  Researchers have looked at several methods to 

reduce metal sintering in TWCs, from promoters to the effects of different supports [24–26]. 
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However, to date, there has not been an adequate method for maintaining small particles in realistic 

exhaust conditions. As such, an increase in metal particle size on the TWC will always occur 

during regular operation and continue throughout the useful life of a TWC. In some cases, this can 

lead to metal particle sizes over 40 nm [23]. Another consideration is the loss of interaction 

between the active metal and the oxygen storage component (OSC) present on the catalyst. The 

interaction between these species is beneficial for low temperature CO oxidation [27]. Beyond the 

sintering of the metal on these catalysts, the species responsible for oxygen storage (Ce) and NOX 

storage (Ba) can also deteriorate. Under aging conditions, ceria loses a large amount of surface 

sites from phase segregation and agglomeration on the surface [28]. NOX storage capacity (NSC) 

suffers from degradation through a different mechanism. While the barium does lose surface sites, 

the majority of its deactivation comes from the formation of barium aluminate and barium cerate 

at elevated temperatures [29]. The effects of hydrothermal aging on the SCR catalyst is also a 

concern. Previous work has shown that some Cu-zeolite SCR catalysts can degrade under 

hydrothermal conditions, particularly Cu-ZSM-5 [32]. However, as illustrated by Fickel et al. 

some small-pore Cu-zeolite formulations can show high hydrothermal resistance [33]. While the 

effects of SCR catalyst aging will be a concern for the real-world implementation of a passive-

SCR system, the evaluation of these effects is outside of the scope of the current work.

Here, we examine the effects of 100 h of four-mode hydrothermal aging on two 

commercially formulated three-way catalysts for the purposes of implementation into a passive 

SCR system. This aging procedure exposes the catalyst to stoichiometric CO oxidation conditions 

in addition to periodic oxidizing and reducing conditions. These periodic oxidizing and reducing 

conditions are essential to model the aging of a catalyst in a passive-SCR system, where lean/rich 

cycling is a continuous process during operation. The metal particle size and CO light-off 
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temperature are monitored throughout the aging process. Furthermore, the activity of the fully aged 

catalyst samples is compared to the activity of degreened samples for both steady state and 

lean/rich cycling evaluations. The primary activities of concern in these evaluations are the 

conversion of CO, NOX, and hydrocarbons, as well as the production of NH3. Furthermore, in the 

lean/rich cycling experiments, changes in NOX storage and oxygen storage are also monitored.

2. Experimental

2.1 Catalyst Formulations

Catalyst samples are cut from commercially formulated catalyst monoliths in 2 cm 

diameter, 5 cm length cylindrical cores. Table 1 gives an overview of the catalysts being evaluated 

in this project. The Malibu-1 sample is taken from the front end of a dual zone TWC inside a 2009 

Chevrolet Malibu. It contains palladium as the primary active metal on the surface, but also 

contains low loadings of other metals, including cerium and barium, as promoters. The ORNL-1 

sample was provided by Umicore and contains platinum and rhodium, as well as cerium for oxygen 

storage, and barium for NOX storage. These catalysts were chosen for this work based on their 

high performance in previous reactor studies [30].

Table 1: Catalysts Studied
Catalyst ID Description Pt (g/L) Pd (g/L) Rh (g/L) OSC NSC

Malibu-1 Pd-Only TWC 0 7.3 0 Low Low

ORNL-1 NSR Catalyst 2.47 4.17 0.05 High High

2.2 Four-Mode Hydrothermal Aging Procedure and Apparatus

The apparatus used to conduct the catalyst aging uses four MKS Mass-Flo 1179A mass 

flow controllers to control the flow of 100% N2, CO2, CO, and O2. The water is introduced through 

a temperature controlled bubbler with N2 flowing through it. The gases then flow through a Thermo 
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Scientific Lindberg/Blue M TF55035C tube furnace with a 2.5 cm quartz tube reactor. Two O2 

sensors (LCAN N6) are installed at the inlet and outlet of the reactor. These allow for monitoring 

of the oxygen content and ensure proper cycling. Inside of the reactor tube, quartz rods are used to 

help preheat the gas, and the catalyst is insulated just outside of the heated zone of the furnace, as 

shown in Figure 1. This allows for the catalyst to be heated through the exothermic CO oxidation, 

and more closely resembles a real system, where the catalyst itself is not heated. Omega K-type 

thermocouples are positioned at the inlet gas, catalyst inlet, catalyst mid bed, and catalyst outlet 

(Gas, In, Mid, Out, respectively). The mass flow rates, bubbler temperature, and furnace are all 

controlled through LabView on a connected PC, while the O2 concentrations, and temperatures in 

the reactor tube are continuously recorded by the LabView program.

Figure 1: Hydrothermal aging reactor setup

During aging, the catalyst is first brought to aging temperature under stoichiometric 

operating conditions. Once it reaches the desired temperature, it begins cycling using the four-

mode hydrothermal aging procedure shown in Table 2. It includes four phases in a six-minute 

cycle and a space velocity of 50,000 hr-1. The transition between the phases was controlled through 

the variation of O2 and N2 flow to maintain a constant space velocity. The first portion is a 

stoichiometric phase lasting for 330 s during which the catalyst is used for CO oxidation at 920°C 

in the presence of water. The second phase is a short fuel rich phase where the oxygen flow is 
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turned off, leading to reduction of the catalyst. Next, the catalyst is again operated under 

stoichiometric conditions for 10 seconds before transitioning to the fourth phase: a short fuel lean 

phase, where the O2 flow is increased, while the N2 and, by extension, the H2O are decreased to 

compensate. Catalyst samples were aged for 25, 50, and 100 hours using this procedure.

Table 2: Four mode hydrothermal aging procedure
Time H

2
O CO

2
CO O

2
N2

Phase 1: Stoich 330s 10% 10% 2% 1% Bal.
Phase 2: Rich 10s 10% 10% 2% 0% Bal.
Phase 3: Stoich 10s 10% 10% 2% 1% Bal.
Phase 4: Lean 10s 9% 10% 2% 10% Bal.

Each sample was aged in five segments, with the temperature being ramped down and back 

up between each segment. This means that the 25 hr aged sample was ramped up to 920°C under 

stoichiometric conditions, aged for 5 hours using the aging procedure, and then ramped back down 

under stoichiometric conditions. Similarly, the 50 hr aged sample was aged in 10 hr aging 

segments, and the 100 hr aged sample was aged in 20 hr segments. During the ramp up on each of 

these segments, the temperature in the catalyst mid bed (TMid) increases sharply as the exothermic 

CO oxidation reaction lights off, as shown in Figure 2. By monitoring the point that TMid intersects 

with TGas it is possible to determine changes in the light-off temperature. While this number is not 

equivalent to the standard measurements of T90 or T50, it does give an idea of the qualitive changes 

in CO oxidation light off during the hydrothermal aging process.
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Figure 2: Light-off on Malibu-1 during first 20 hours of aging

After 25, 50 and 100 hours of aging, palladium particle sizes were determined using both 

STEM and H2 chemisorption measurements. Samples for this evaluation were obtained by 

grinding the catalyst monolith. STEM images were taken on the TALOS system at the Oak Ridge 

National Laboratory’s Low Activation Materials Development and Analysis (LAMDA) facility 

[31]. The particle sizes were determined by sampling at least 100 metal particles using high angle 

annular dark field (HAADF) images and energy dispersive x-ray spectroscopy (EDX) images. The 

chemisorption measurements were taken using H2 titration on a Micromeretics AutoChem II 

Chemisorption Analyzer system, with a H2 concentration of. The dispersion of Pd on the surface 

was determined, and particle size measurements were estimated assuming hemispherical metal 

particles. 

2.3 Steady State Activity

The flow reactor used for steady state catalyst evaluation is equipped with MKS 1179A 

Mass-Flo controllers to control the flow of reactor gases including O2, CO, H2, NO, SO2, C3H8, 

CO2, and N2. Water is introduced to the system through a Eldex Optos HPLC pump. The catalyst 

is loaded into a 1-inch diameter quartz tube reactor, which is heated by a Thermo Scientific 

Lindberg/Blue M TF55035C tube furnace. From there, the gas is flowed into a MKS Multigas 

2030 gas phase Fourier-Transform infrared (FTIR) spectrometer to measure the products.
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Table 3: Gas compositions simulating various λ values
λ 0.95 0.96 0.97 0.98 0.99 1.00

O2 (%) 0.96 1.02 1.07 1.13 1.17 1.22

CO (%) 2.0 1.8 1.6 1.4 1.2 1.0

H2 (%) 1.0 0.9 0.8 0.7 0.6 0.5

NO (%) 0.06

C3H8 (%) 0.1

H2O (%) 11

CO2 (%) 11

SV (hr -1) 27,000

Fresh and aged catalysts are evaluated in this reactor using a gas inlet temperature of 400 

°C. The catalysts are tested under conditions simulating various AFRs as shown in Table 3. Here, 

AFR is measured using λ, which is the ratio of the used AFR to the stoichiometric AFR as shown 

in equation 3. 

         (3)𝜆 = AFR/AFRstoich

This means that if λ is higher than 1, there is an excess of O2 and the condition is lean. If it 

is lower than 1, there is an excess of reductants and the condition is rich. The reactor gas for these 

evaluations is composed of O2, CO, H2, NO, C3H8, H2O, CO2, and balanced with N2 at a space 

velocity of 27,000 hr-1. Values of λ are varied through the flow of O2, CO, and H2. C3H8 is chosen 

as the model hydrocarbon due to its difficulty in being oxidized under lean conditions, which 

allows us to evaluate this approach under a worst-case scenario basis [30]. During evaluations, the 

outlet steady state concentrations of four main components were analyzed: NH3, CO, C3H8, and 

NOX. From these concentrations, the conversion of NO, CO, and C3H8 were calculated, as well as 

the production of NH3.

2.4 Cycling Activity
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Cycling activity on the aged catalysts is measured in a flow reactor controlled through a 

LabVIEW program. The apparatus is equipped with MKS 1479A Mass-Flo controllers to control 

inlet gases. Water delivery is handled through an Eldex Optos HPLC pump. Switching between 

lean and rich operation is controlled through Valco medium temperature 1/8 inch switching valves. 

The catalyst is housed in a 25mm quartz tube heated by a Thermo Scientific Lindberg/Blue M 

TF55035C tube furnace. An omega K-type thermocouple is used to monitor the temperature of the 

gas entering the catalyst, and three more are used to monitor the catalyst temperature at the inlet, 

the middle, and the outlet. The contents of the gas leaving the reactor are monitored through gas 

phase FTIR and mass spectrometry. The FTIR used is an MKS Multigas 2030HS, while the mass 

spectrometer is a Pfeifer Vacuum PrismaPlus. During the experiments, the catalysts undergo 

constant cycling conditions as shown in Figure 3. A LabVIEW program integrates the outlet NOX 

during the lean phase, switching to the rich conditions when the total NOX reaches 0.027 mol/L 

catalyst. Then, the program monitors the outlet NH3, and switches back to the lean conditions when 

the total NH3 reaches the same 0.027 mol/L catalyst. This threshold is 25% of the NH3 storage 

capacity on a Cu-zeolite catalyst of an equivalent volume.

Figure 3: Time series data for NOX and NH3 showing automated integration and switching method 

used for feedback-controlled cycling
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Due to the lean/rich cycling, the temperature of the catalyst is changing constantly 

throughout the evaluation. Because of this, the results are reported as a function of the gas inlet 

temperature for all cycling experiments. The catalysts are tested under two separate cycling 

conditions, fixed load and load step. The fixed load condition simulates regular operation of the 

engine, where the same engine load is required for both the lean and rich phases. This means that 

the fuel being fed into the engine is constant, but during the lean phase, additional air is introduced 

to increase the λ value, leading to increased space velocity in the lean phase. Load step simulates 

the opportunistic production of NH3 during periods of high load on the engine. During these 

periods, the fuel introduced into the engine is increased, resulting in higher space velocity and 

increased temperatures in the engine. This period of increased load leads to high levels of NOX 

being present in the engine exhaust, allowing for a large amount of NH3 to be produced and stored 

on the downstream SCR catalyst. These conditions are outlined in Table 4. Both conditions 

simulate cycling between a lean phase λ of 2.0 rich phase λ of 0.97, found to be the optimum in 

previous reactor and engine experiments. The aged catalysts are compared to catalysts degreened 

at 700°C for 16 hours in 10% O2, 10% H2O, balance N2.

Table 4: Cycling experimental conditions
Fixed Load Load Step

Rich Lean Rich Lean

λ 0.97 2.0 0.97 2.0

O2 (%) 1.07 10 1.07 10

CO (%) 1.6 0.2 1.6 0.2

H2 (%) 0.8 0 0.8 0

NO (%) 0.06 0.036 0.12 0.036

C3H8 (%) 0.1 0.06 0.1 0.06

H2O (%) 11 6.6 4.95 6.6

CO2 (%) 11 6.6 4.95 6.6

SV (hr -1) 27,000 45,000 60,000 45,000
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For the cycling experiments, several quantities were calculated. The NOX storage was 

calculated by integrating the NOX breakthrough during the transition from rich to lean for each 

cycle. The oxygen storage was calculated by integrating the reductant breakthrough during the 

transition from rich to lean. The rich phase NH3 yield was calculated by measuring the average 

NH3 produced during the rich phase and comparing it to the maximum NH3 production assuming 

all rich phase NOX was converted to NH3. Rich phase CO conversion was calculated by measuring 

CO slip during the rich phase and comparing it to the CO being flowed during the rich phase. The 

average C3H8 conversion was calculated over both the lean and rich phase. To determine projected 

fuel consumption, in-engine fuel consumption for both fixed load and load step operation was 

measured directly on a lean-burn gasoline engine under lean and rich conditions [36]. These 

numbers were then used to calculate the projected fuel consumption based on the amount of time 

running rich vs. lean using the feedback-controlled cycling shown in Fig. 3. These numbers assume 

that the downstream SCR catalyst is capable of storing and reducing the requisite NOX during 

operation.

3. Results and Discussion

3.1 Hydrothermal Aging Progression

The four-mode hydrothermal aging procedure led to significant sintering of the active 

metal on Malibu-1 samples. The particle sizes were measured by both STEM and chemisorption 

at four stages during the aging procedure: a fresh catalyst sample, which has not been aged, as well 

as samples aged for 25 hours, 50 hours, and 100 hours. The sample that has been aged for 100 

hours represents a catalyst at the end of its projected useful life. An example of the contrast 
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between HAADF and EDX maps are shown in Fig. 4. This comparison illustrates the limitations 

of using exclusively HAADF to determine particle sizes as the z-contrast is not high enough. 

However, when EDX maps are implemented, the boundaries between different elements becomes 

clear, and individual particles can be measured.

Figure 4: Particle size distribution from STEM for Malibu-1 samples

The particle size distributions for Malibu-1 at each stage of aging, as well as the number 

of particles analyzed, and their average size are summarized in  An example of the contrast 

between HAADF and EDX maps are shown in Fig. 4. This comparison illustrates the limitations 

of using exclusively HAADF to determine particle sizes as the z-contrast is not high enough. 

However, when EDX maps are implemented, the boundaries between different elements becomes 

clear, and individual particles can be measured.
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Figure 4. As the catalyst is aged, the average particle size increases from 3.9 nm for the 

fresh catalyst, to 36 nm for the catalyst aged for 100 hours. In addition to the increase in average 

particle size, the standard deviation of the particle size also increases from 0.8 nm to 13 nm. 

STEM results were supported by hydrogen chemisorption measurements on the catalyst 

samples. Particle sizes determine for Malibu-1 samples from both STEM and chemisorption tests 

are summarized in  5. In contrast to STEM measurements, which are 2-D pictures of catalyst 

particles, chemisorption measures the metal dispersion and calculates the particle size assuming 

hemispherical particles. Despite the differences the measurement techniques, the calculated 

particle sizes show close agreement. While the average diameter of the metal particles is initially 

less than 5 nm, after 25 hours of aging, the particle size exceeds 20nm according to both 

chemisorption and STEM measurements. Continued aging leads to further increased particle sizes 
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and after the full 100 hours of aging, the average particle size exceeds 30 nm regardless of the 

method used. 

Figure 5: Particle sizing for Malibu-1 catalyst throughout aging

Aging also led to increases in CO light off temperature for both catalysts, which is a 

concern due to the potential increase in cold-start emissions [32–34]. 

Figure 6 shows the change in light-off temperature for both Malibu-1 and ORNL-1 

catalysts as monitored in the aging reactor. The light-off temperature rapidly increases during the 

first 5-10 hours of aging and remains constant for the remainder of the aging time. This is 

consistent with previous research, where smaller metal particles have been shown to be more active 

for low temperature CO oxidation because they can more closely interact with OSC on the catalyst 

[35,36]. Once the particles begin to sinter, this interaction becomes less effective, which leads to 

a sharp increase in light off temperature during the initial 10-20 hours of aging. After this initial 



18

increase in light off temperature, the light off temperature stays constant throughout the remaining 

aging time. 

Figure 6: Light off temperature measurements taken during first 80 hours of aging for Malibu-1 

and ORNL-1 catalysts

3.2 Steady State Activity

The effect of hydrothermal aging on steady state activity was determined through 

experiments testing fresh catalysts and samples aged for 100 hours. These samples were tested 

under a range of λ values, as described in section 2.2. The results shown in Figure 7 illustrate the 

difference between fresh catalysts and aged catalysts. CO and C3H8 slip are increased strongly 

through hydrothermal aging on the Malibu-1 sample. This deactivation can be attributed to a 

combination of oxidation activities for the various reductants present in the simulated exhaust, as 

well as the water gas shift and steam reforming reactions. Small PGM particles improve the activity 

of these reactions through interactions with the OSC and by increasing the prevalence of interface 

sites between the PGM and oxide. Interactions between the OSC and the PGM are beneficial for 

the oxidation reactions, while the interface sites have been shown to be active for the water gas 

shift reaction [35,37]. When the catalyst is aged and both the PGM and OSC sinter, these 

interactions are no longer effective, and the prevalence of interface sites is drastically decreased, 

leading to deactivation in each of these reactions. Decreases in both CO and C3H8 conversion are 
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also observed for the ORNL-1. However, the ORNL-1 maintains near complete hydrocarbon 

conversion in the rich phase, even after the full 100 h of aging. This is likely due to the increased 

activity for the steam reformation reaction originating from the increased ceria loading. 

Furthermore, while the conversion of CO on the fresh ORNL-1 sample was lower than the 

conversion on the fresh Malibu-1 sample, the effect of hydrothermal aging on the CO conversion 

over the ORNL-1 is less than that observed on the Malibu-1. This is particularly evident at λ values 

above 0.98, where the ORNL-1 maintains the same conversion even after aging. Retention of 

catalyst activity is likely caused by the presence of substantially higher amounts of OSC on the 

NSR-TWC, which leads to a higher amount of PGM-OSC interface sites, even after aging. This 

allows the NSR-TWC to maintain its activity for oxidation, water gas shift, and steam reforming 

reactions.
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Figure 7: Steady State Activity for Malibu-1 (top) and ORNL-1 (bottom) at 400°C for λ values 

ranging from 0.95-1.01

In contrast to CO and C3H8 conversion, NOX conversion is not strongly affected by 

hydrothermal aging, maintaining near 100% conversion at both stoichiometric and all rich λ 

values. Furthermore, the NH3 selectivity is maintained at nearly 100% when operating at a λ lower 

than 0.98. While interface sites and OSC interaction will be more important for the removal of CO 

and C3H8, the same is not true for NOX conversion and NH3 production, both of which are active 
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on the bulk PGM surface. Therefore, even though the catalyst undergoes extensive particle 

sintering, the available PGM surface is still sufficient for NOX conversion and NH3 production.

3.3 Cycling Activity

The activity of the catalysts under lean-rich cycling conditions was measured in a bench 

flow reactor capable of feedback-controlled cycling. The catalysts were cycled between λ values 

of 0.97 and 2.00, as outlined in Table 4. The measurements taken from the aged catalysts are 

compared to evaluations conducted on catalysts that were degreened at 700°C for 16 hours. Time 

series data for the aged sample of Malibu-1 under fixed load and load step conditions at 350°C are 

shown in Figure 8: Time series data for fixed load and load step conditions on a hydrothermally aged 

Malibu-1 sample evaluated at 350°C.. Under fixed load conditions, where a constant load on the 

engine is simulated, the time spent in the lean phase and the time spent in the rich phase are 

relatively similar because the NOX flux in the system is constant. However, using load step, where 

the opportunistic generation of NH3 during periods of high load is simulated, the rich phase is 

shorter because increasing the load on the engine results in greatly elevated NOX flux, allowing 

for more NH3 to be generated. These cycling experiments allow us to simulate catalyst 

performance under realistic operating conditions. They also allow us to capture the effects of 

hydrothermal aging on oxygen and NOX storage capacity by studying the lean-rich transitions. 

This is particularly important for ORNL-1, which includes significant levels of OSC and NSC, 

both of which showed significant deactivation during aging.
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Figure 8: Time series data for fixed load and load step conditions on a hydrothermally aged 

Malibu-1 sample evaluated at 350°C.
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Figure 9: Average NOX stored per cycle on ORNL-1 under both fixed load (left) and load step 

(right) conditions for degreened (circles) and aged (square) samples

Figure 9 shows the strong deactivation of NSC from hydrothermal aging on the ORNL-1 

catalyst. At 350°C, the amount of NOX stored on the aged catalyst is roughly 25% of that on the 

degreened sample. This is significant because it inhibits the primary advantage of using a NSR-

type catalyst for passive SCR: using NSC to prolong the lean phase. The deactivation mechanisms 

of the primary NSC Ba have been studied by previous researchers [29]. It has been shown that the 

primary mechanism for the loss of NSC is the formation of barium aluminate and cerate on the 

surface. This formation occurs above 800°C for the cerate and above 850°C for the aluminate. 

Therefore, the sample degreened at 700°C does not lose NSC through this mechanism, but the 

sample aged at 920°C loses a significant amount of NSC by forming these highly stable species. 

Because ORNL-1 loses a majority of its NOX storage, the amount of time the system can operate 

lean is decreased, which will cause a net increase in projected fuel consumption; therefore, for this 

application and this catalyst it would be preferred to not exceed 850°C.
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Figure 10: Rich phase NH3 yield for Malibu-1 (top) and ORNL-1 (bottom) for both fixed load 

(left) and load step (right) conditions comparing degreened (circles) and aged (squares) samples

Figure 10 shows the changes in OSC from hydrothermal aging for both Malibu-1 and 

ORNL-1. On Malibu-1, the low temperature activity for NH3 production remains unchanged, 

which is consistent with results from steady state experiments. However, at higher temperatures, 

the aged catalyst shows decreased activity. In contrast to Malibu-1, the NH3 yield on the aged 

ORNL-1 sample is increased at temperatures below 450°C, and similar to the degreened activity 

above 450°C. The primary cause for this is the deactivation of the OSC on ORNL-1. OSC 

deactivation has been shown to be a result of increase in cerium oxide particle size [28]. During 

the transition from lean to rich, the catalyst must be reduced before the production of NH3 can 

begin. Because the hydrothermal aging procedure leads to significant loss of OSC on ORNL-1, it 

allows for production of NH3 in the rich phase to begin more quickly, as shown in Figure 11.  
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Figure 11: NH3 breakthrough during rich operation on ORNL-1at 350°C comparing degreened 

(solid) and aged (dashed) samples

Figure 12 shows the effects of hydrothermal aging on CO conversion. The primary effect 

on both catalysts is a decrease in CO conversion at low temperatures, while at higher temperatures, 

the degreened and aged activities are closer. This is consistent with steady state results and light 

off curves, which showed a strong decrease in CO oxidation activity at low temperature. As 

discussed previously, these low temperature changes are likely attributed to the loss of active 

surface area as well as PGM-OSC interface sites. On ORNL-1, the low temperature CO conversion 

was not as strongly deactivated as on Malibu-1, which is consistent with results from the steady 

state experiments.
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Figure 12: Rich phase CO conversion for Malibu-1 (top) and ORNL-1 (bottom) for both fixed load 

(left) and load step (right) conditions comparing degreened (circles) and aged (squares) samples

The effect of hydrothermal aging on overall C3H8 conversion is shown in Figure 13. 

Malibu-1 shows slight C3H8 breakthrough at 350°C. Under both fixed load and load step 

conditions, there is no significant change in the C3H8 conversion and both the aged and the 

degreened Malibu-1 samples show similar concentrations of C3H8 in the outlet. However, on 

ORNL-1, the C3H8 conversion is significantly lower compared to Malibu-1. Furthermore, the aged 

sample shows better average conversion than the degreened sample. This is primarily due to the 

deactivation of the NSC on ORNL-1 during hydrothermal aging. Because the degreened sample 

retains a large amount of NSC, as shown in Figure 9, the lean phase lasts longer than it does when 

the aged sample is used. This leads to a longer time that the catalyst is under oxidizing conditions, 

leading to higher C3H8 slip.
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Figure 13: Average C3H8 conversion for Malibu-1 (top) and ORNL-1 (bottom) for both fixed load 

(left) and load step (right) conditions comparing degreened (circles) and aged (red) samples

The projected fuel consumption relative to stoichiometric operation is shown in Figure 14. 

To determine projected fuel consumption, in-engine fuel consumption for both fixed load and load 

step operation was measured directly on a lean-burn gasoline engine under lean and rich conditions 

[38].  These numbers were then used to calculate the projected fuel consumption based on the 

amount of time running rich vs. lean using the feedback-controlled cycling shown in Figure 3. 

While CO and C3H8 emissions are a concern, they do not affect the projected fuel consumption 

because they do not influence the feedback-controlled cycling. The only factors that will have an 

effect are NH3 production, NOX conversion, and NOX storage. On Malibu-1, the projected fuel 

consumption benefits at high temperatures are slightly decreased due to the decrease in the NH3 

production on the aged catalyst. This increases the length of time the system must operate under 

fuel rich conditions, during which the fuel consumption is increased. However, the low 

temperature projected fuel consumption remains unchanged. On ORNL-1, the projected fuel 
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consumption benefit is decreased at lower temperatures due to the loss of NSC. This causes shorter 

lean phases at low temperatures and, by extension, higher projected fuel consumption. The loss of 

OSC proved beneficial on ORNL-1 because it allowed for a more rapid breakthrough of NH3 

during the rich phase. Despite the effects of aging, both catalysts maintained sufficient activity to 

operate a passive SCR system, with projected fuel consumption ranging from 91-98% of 

stoichiometric fuel consumption in the temperature range observed.

Figure 14: Projected fuel consumption for Malibu-1 (top) and ORNL-1 (bottom) for both fixed 

load (left) and load step (right) conditions comparing degreened (circles) and aged (squares) 

samples

4. Conclusions

Hydrothermal aging using a four-stage aging protocol lead to significant deactivation in 

two fully formulated commercial automotive catalysts. The primary means of deactivation is the 

sintering of the active metal, with the average diameter of palladium particles on Malibu-1 
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increasing from < 5 nm to > 30 nm over the course of 100 hours of aging. The CO light off 

temperature also increased due to aging, particularly during the first 25 hours. After aging, the 

steady state activity of the two catalysts was measured using simulated exhaust gas mixtures 

approximating a wide range of λ values at 400°C. In these experiments, Malibu-1 showed 

significantly decreased activity for CO and C3H8 conversion. However, ORNL-1 was not as 

strongly affected, and maintained higher steady state activity for the conversion of CO and C3H8. 

This difference could be attributed to the high loading of OSC on ORNL-1, which allows it to 

maintain higher activity for water gas shift and steam reforming reactions, as well as providing 

interface sites between the PGM and the oxide support, which have been shown to be more active 

for low temperature oxidation. Despite the extensive hydrothermal aging, catalyst deactivation did 

not extend to the reduction of NOX to NH3. Both catalysts maintained close to 100% steady state 

selectivity to NH3 for all λ values lower than 0.98. 

Transient studies allowed for further probes into the effects of aging. Many of the results 

from steady state tests were corroborated, including the effects on NH3, CO, and C3H8. However, 

under cycling conditions, the effects of OSC and NSC were far more pronounced. There was 

significant levels of Ce and Ba degradation on ORNL-1 through aging, significantly affecting the 

cycling activity compared to a degreened sample. The loss of NSC led to shorter lean phases on 

the aged catalyst, causing higher projected fuel consumption. Deactivation of the OSC proved 

beneficial for the system, as it caused the catalyst to be reduced more quickly in the rich phase, 

allowing for more rapid breakthrough of NH3, leading to a shorter rich phase and reducing the 

overall fuel penalty accrued while running rich. Overall, while the four-mode hydrothermal aging 

procedure led to significant particle sintering, as well as loss of OSC and NSC, the aged catalysts 
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still proved effective in producing the necessary NH3 for the operation of a passive SCR system 

with projected fuel consumption ranging from 91 to 98% compared to stoichiometric operation.
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