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Abstract

Simultaneous conversion of NO, CO and CsHs under stoichiometric conditions was carried out
on washcoated monoliths containing oxygen storage material (OSM)-promoted mixed precious
group metal (PGM: Pt(95%)/Pd(5%)), to evaluate OSM promotion and to identify the best
architecture. The studied OSMs include ceria-zirconia (Ceo3Zro702; CZO) and mixed metal
oxide spinel (Mno.sFe2s504; MFO). PGM supported directly on the OSM was found to be the
best design for CZO, leading to a ~70 °C simultaneous decrease in the light-off temperature (Tso;
feed temperature giving 80% conversion) for NO, CO and C3Hes conversion compared to the
alumina-supported PGM. Close coupling between the PGM and CZO is responsible for the
activity promotion. In contrast, a dual-layer architecture (top PGM layer, bottom MFO layer)
outperformed the MFO-supported PGM catalyst. The dual-layer PGM-MFO catalyst decreased
the Tso by ~50 °C for NO, CO and C3Hs conversion compared to the PGM-only catalyst.
Enhancement obtained with the dual-layer PGM-MFO architecture relies on a direct catalytic
contribution from the spinel. During lean/rich modulation the addition of CZO or spinel helps to
mitigate the detrimental impact of modulation on NO, CO and CsHs conversion above 400 °C.
The data suggest that both CZO and MFO can buffer lean/rich modulation but exhibit preference
to different reductants; CZO-supported PGM and dual-layer PGM-MFO show no conversion
decrease during modulation for CO or C3Hs modulation, respectively. Dynamic oxygen storage
capacity (DOSC) measurements show that the spinel exhibits ~10 times higher DOSC than CZO
for both CO and CsHs reductants. Both CO and CsHg are equally effective reductants for the
MFO but CO is better for CZO and PGM-deposited CZO. The study provides useful insight into
benefits of OSM and provides guidance for optimization of the multi-component PGM + OSM
catalyst composition and architecture.
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1. Introduction

The three-way catalyst (TWC) is used in emission control systems of stoichiometric
gasoline powered vehicles. The TWC is designed to simultaneously convert CO, NOx and non-
methane hydrocarbons (NMHCs) to CO», N> and H>O [1, 52, 53, 54]. The conventional TWC
contains Platinum Group Metals (PGM; Pt, Pd, Rh) as the active component, oxygen storage
material (OSM) as a promoter and porous y-Al>O3 as the support [2, 52]. During normal IC
engine operation, exhaust is continuously cycling, or modulating between net fuel-rich and net
fuel-lean conditions due to the imperfect feedback control of the stoichiometric air-to-fuel ratio
[1-3, 52]. The motivation to use OSM is to buffer inherent lean/rich modulation and thus sustain
simultaneous oxidation of CO and hydrocarbons (HCs), and reduction of NO [2, 3]. Since its
introduction by Ford in the 1970s, both ceria (CeO2) and zirconia-stabilized ceria (CZO) have
been used as the OSM in TWC formulations [3, 55]. CeO- is capable of fast release and uptake
of oxygen between the feed gas and crystal structure, enabling its application as the buffer during
lean/rich swings. Other advantages of CeO: include enhanced and stabilized dispersion of the
precious metal crystallites [2], transient promotion of pollutant conversion (e.g. CO oxidation
and NO reduction) [3, 4], and promotion of the water gas shift reaction [3, 5]. With CZO as the
OSM, the direct deposition of the PGM onto the OSM is preferred in order to achieve a
beneficial strong metal-support interaction (SMSI). This fosters enhanced oxygen exchange
between the PGM and OSM [3, 4, 6, 7].

Despite the successful application of TWC in vehicle aftertreatment systems for more
than 40 years, researchers continue to develop lower cost formulations (i.e., lower PGM loading)
while meeting more stringent pollution rules [2]. Advances include modification of established

catalytic components (PGM and CZO) [8-10] and discovery and implementation of new



materials [11-14]. New materials such as perovskites [11, 12] and spinel-type mixed metal
oxides [13-14] may replace CZO or even PGM, due to their lower cost, tunable catalytic activity
(e.g. NO reduction and CO oxidation), and high oxygen storage capacity (OSC) [13, 15, 16].
Perovskites and spinels are often described by the general formulae ABO3 [12] and AB2Og,
respectively [14], with A and B denoting the two cations. The catalytic properties of perovskites
or spinels can be tailored by substitution and doping of various elements into the crystal structure.
While many studies have been conducted on perovskites [11, 12], far fewer studies have reported
on the application of spinels in TWC formulations. Recently, researchers at CDTi Inc. have
introduced a class of spinels for use in TWC formulations [13, 14]. Engine test results on PGM-
only and PGM-spinel catalysts demonstrate promotion by the spinel for the simultaneous
removal of CO, NOx and HCs [13]. Different spinel-containing TWC formulations and designs
have been studied, spanning a variety of A + B combinations, zoned and layered washcoat
architectures, and converter locations (i.e. underfloor or close-couple positions) [14]. For
example, using an underfloor design, a catalyst comprising a Cu-based spinel and the rather low
PGM loading of 2 g/ft® provided significantly lower NOx emissions than a PGM-only catalyst
with a much higher loading of 59 g/ft>. These and other results suggest that addition of spinel into
the TWC can lower the requisite PGM loading. Performance studies reported selected spinels
have satisfactory thermal and redox durability [13, 14] and up to ~10 times higher oxygen
storage capacity (OSC) than CZO [13]. Despite these promising results [13, 14], more research is
needed to fully understand the spinel functionality and evaluate its performance in TWC or
related applications.

OSC measurements are designed to probe accessible oxygen in oxygen storage materials

[17]. The dynamic oxygen storage capacity (DOSC) measurement method was developed to



evaluate the oxygen release/uptake behavior of OSM during fast lean/rich modulation such as
engine operation [7, 17-20]. Thus, the DOSC measurement usually applies a small amount of
probe gas during a short duration [17]. Boaro et al. [18] studied the DOSC features of a group of
CZO materials and concluded that the oxygen storage/release kinetics depend on catalyst
composition (i.e., Ce to Zr ratio) and various surface processes. Descorme et al. [19] presented
the DOSC performance for Al2O3 and CeO»/Al>,O3 supported PGM catalysts, highlighting the
importance of the PGM-CZO interaction in promoting oxygen storage and consumption. Few
DOSC studies have probed spinel-based materials. In addition, most previous studies of oxygen
storage materials (CZO, perovskite and spinel) used CO or Hz as the model probe gas [17-21].
The objective of this study is to investigate the impact of a model spinel on simultaneous
CO, NO, C3Hg¢ conversion for a simulated stoichiometric exhaust using the conventional
PGM+CZO as the reference material. The catalytic performance is compared for a group of
catalyst formulations and architectures over a range of operating conditions including feed
temperature and feed operation mode (steady-state or modulation). We compare both CO and
CsHs as model reductants to obtain a better understanding of OSM behavior under realistic
conditions. Catalyst characterization and DOSC measurements provide mechanistic insight into
the functionality and contribution of the OSM. The findings advance the understanding and

identify new catalysts that may have utility in TWC and related applications.

2. Experimental
2.1 Catalyst
A group of powder and monolith catalysts were provided by CDTi Advanced Materials

Inc. (Oxnard, CA). Two types of OSMs, Ceo.3Zr0.702 (CZO) and MnosFe2 504 (MFO) are used in



this study. The former served as the model OSM while the latter as the model spinel OSM. The
MFO was coated onto an alumina support giving a 25 wt.% MFO/Al,O3; washcoat or powder.
Unless otherwise stated, results for MFO will be on the alumina-supported material. The
performance of ceria-zirconia depends on many factors, such as textural properties and Ce/Zr
ratio [56, 57]. Thus, the performance of the specific material used (Ceo3Zro702) may not be
generalized for all Ce/Zr ratios just as the selected spinel (MnosFe2504) cannot be generalized
for the even broader class of mixed metal oxide spinels. That said, our intent is to compare the
MFO spinel to the conventional CZO for the TWC application.

The components and notation for the studied catalysts are listed in Table 1-1. Three
PGM-free samples, “A” (pure AlO3), “CZO” and “SA” (alumina-supported spinel) were
included to study any catalytic contribution of the support and OSM promoters. The other three
PGM-containing samples were supported on alumina (A), CZO, and SA; these are denoted by
“PA”, “PC” and “PS”, respectively. Each has the same PGM loading of 1 wt. %. Table 1-2 lists
the composition, loading and architecture of the catalysts as thin films coated onto monoliths.
The provided monolith catalysts was made of cordierite with 600 cpsi (cells/in?). Two types of
architectures were considered. The first was a single-layer washcoat with PGM directly
deposited on the OSM, while the second was a dual-layer washcoat comprising a bottom OSM
layer and top PGM/AI,O3 layer. The PGM elemental ratio was Pt:Pd = 19:1 (mass basis) with a
total monolith loading of 30 g/ft’. Each OSM-containing monolith catalyst had a loading of 100
g/dm?. For the spinel-containing monolith catalysts, the loading of MFO was 25 g/dm?, and thus
the oxide mixture was 75% Al>O3 (by mass). The monolith cores catalysts were cut into smaller

pieces having ~60 channels and ~1 cm length for the evaluations. All powder and monolith



samples were degreened in static air at 700 °C for 33 hours to enable relative stable catalyst

performance.

2.2 Bench-Scale Reactor Set-up
2.2.1 Flow reactor for monolith catalysts

A detailed description of the bench-scale flow reactor setup for monolith catalyst
performance evaluations was reported in previous studies [22, 23]. Fig. 1a shows a schematic of
the reactor. The desired gases were premixed in three lines before entering the reactor: a lean line,
rich line and main line. The main line contained all of the feed components (NO, CO, Hz, CsHs,
CO2, H>0, and Ar) except O2. A syringe pump (Teledyne Isco model 100DX) and vaporization
system generated a stable feed of gaseous H>O. The lean line and rich line were each designed to
feed O to the reactor. The main line was mixed with either the lean or rich line upstream of the
catalyst. For steady state experiments, only the lean and main lines were used. For cycling
experiments, O2 at different concentration levels was fed through the rich and lean lines. A
solenoid-actuated, four-way valve (Valco Inc., Micro-electric two position valve) enabled the
switching between lean and rich streams at a prescribed switching frequency. The pre-described
reactor design were based on the TWC test protocol proposed by CLEERS [24].

The reactor system was composed of a quartz tube, a Thermocraft™ furnace, monolith
catalyst and two thermocouples. Before inserting inside the quartz tube (OD = 0.75 in, ID = 0.63
in), the monolithic samples were wrapped with Fiberfrax® ceramic paper to minimize bypassing.
The quartz tube was then placed inside a furnace (Thermocraft™). One K-type stainless steel,
sheathed thermocouple (Omega Engineering Inc.) was placed ~1 cm upstream of the monolith

sample to measure the feed temperature. The same thermocouple type was placed at the



geometric midpoint of the monolithic sample to monitor the monolith temperature. A FTIR
(Thermo Scientific, Nicolet 6700) was used to measure the concentrations of NO, NO2, N2O,
NHs, CO, CO2, C3Hg and H20O. A quadrupole mass spectrometer (QMS; Hiden Analytical,
HPR20) was used to measure the H> concentration in selected experiments. The gas hourly space
velocity was fixed at 70,000 h! (1500 standard cm’/min total flow rate) while the cycling

protocol was fixed at 4s lean/4s rich (0.125 Hz cycle frequency).

2.2.2 Fixed bed reactor for DOSC measurements

Powder catalysts were tested in a fixed-bed reactor. As seen in the schematic (Fig. 1b), the
reactor was also fed with a gas mixture supplied by a bank of gas cylinders (Matheson Tri-Gas;
Praxair, Inc.) and controlled by a group of mass flow controllers (MKS Inc.). For experiments
with a continuous feed (e.g. TPR), the feed gas mixture was premixed in a 1/8’" stainless steel
tube upstream of the reactor. For pulsing experiments (i.e., DOSC measurements), the gases
were fed through another “pulsing line” before the reactor. Two in-series, 2-position, 6-port
solenoid-actuated switching valves (Valco Inc.) were installed in the pulsing line [17, 18]. This
enabled periodic injection of probe gases (reductants CO or C3He and oxidant O2) to the catalyst.
During pulsing experiments, inert carrier gas Ar flowed continuously through the reactor. Probe
gas mixtures (CO/Ar, C3He/Ar and O»/Ar) inside sampling loops (Valco Inc.) with calibrated
volumes were injected into the reactor using an Ar carrier stream.

The reactor system was composed of a quartz tube, a furnace (Thermo Fisher Scientific),
catalyst bed, and thermocouple. The powder catalysts with 40 - 60 mesh particle size was placed
inside the quartz tube (OD = 6.35 mm). Quartz wool was used to contain the particles. One K-

type stainless steel, sheathed thermocouple (Omega Engineering Inc.) was placed ~0.5 cm



upstream of the catalyst bed. A mass spectrometer (Hiden Analytical, HPR20) monitored the
concentration of species, including H> (m/Q = 2), CO (m/Q = 28), O> (m/Q = 32), C3Hs (m/Q =
42) and CO2 (m/Q = 44). The mass spectrometer was calibrated daily. The contribution from
peak overlap were excluded using a separate calibration. For instance, the concentration
calibration of CO> was conducted at both m/Q = 28 and m/Q = 44. The CO signal (m/Q = 28)
acquired from the mass spectrometer was converted to concentration, the contribution from CO,
was subtracted by applying the CO; calibration relationship at m/Q = 28. A similar approach was

applied to C3He.

2.3 Catalyst Characterization
2.3.1 Morphology Characterization

N> physisorption and CO chemisorption tests were conducted to quantify the surface area
and Pt dispersion for powder samples using a Micromeritics 3 Flex instrument. Physisorption
experiments for determining surface area were carried out using N> at 77 K. Before admission of
N>, the powders were degassed at 400 °C under vacuum for 1 hour. Pt dispersion was determined
by CO chemisorption at 35 °C. Before CO admission, the powders were pretreated for 1 hour
using pure H> at 400 °C.
2.3.2 Temperature-Programmed Reduction and Desorption

Several of transient experiments, including temperature-programmed reduction (TPR) and
temperature-programmed desorption (TPD) were conducted over the catalyst powders (PA, CZO,
SA, PC, PS). In each temperature-programmed experiment, ~60 mg catalyst was used with the
temperature increased from 50 °C to 700 °C at a ramp rate of 10 °C/min. 10% CO/Ar or 10%

Hy/Ar mixtures flowrates of 60 cm?min were used in the CO- and H>-TPR experiments,



respectively, for all powder catalysts except PA. In the H>-TPR experiment for PA, the H»
concentration was lowered to 4000 ppm, to ensure a QMS-detectable H> consumption peak. In
the O>-TPD experiment, pure Ar was used as the catalyst was heated from 50 °C to 700 °C at
10 °C/min. Before any temperature-programmed experiment, the powder catalyst was pretreated
at 700 °C for 30 min under 10% O2/Ar and then cooled to 50 °C in 10% O2/Ar to ensure that the
catalyst is in its fully oxidized state initially. The selection of parameters, including the mass of
catalyst, ramp rate and flow rate, were based on the criterion proposed by Monti et al. [25] and
Malet et al. [26].

2.3.3 Dynamic Oxygen Storage Capacity (DOSC)

Experiments were conducted to evaluate the dynamic oxygen storage capacity (DOSC) of
OSM-containing powder catalysts (CZO, SA and PC) of 40 - 60 mesh (Fig. Ic). For these
experiments 15 mg catalyst was diluted with 150 mg quartz having the same particle size. Before
each experiment, the diluted catalyst mixture was pretreated at 700 °C for 30 min under 10%
O2/Ar to ensure full oxidation, then cooled to 50 °C in 10% O/Ar. The temperature was then
increased to the desired set point value under oxidizing conditions. The catalyst was purged with
Ar for 15 min before the actual test. Each catalyst sample was evaluated at 9 temperatures from
200 °C to 600 °C in 50 °C increments. CO and C3Hg were used as two reductant probes while O»
was used as the oxidant. The reductant (1.8% CO/Ar or 0.2% CsHe/Ar) and oxidant (0.9% Oz/Ar)
were injected sequentially into the reactor. The CO and C3Hg concentrations used corresponded
to a stoichiometric neutral feed at 0.9% O». The flowrate of the carrier gas Ar was 150 cm?/min
and the volumes of the two sample loops was 5 cm?. The ideal duration for one pulse under such

conditions was ~2s. The actual pulse duration was ~4 s (Fig. 1¢) due to axial dispersion upstream



of the mass spectrometer. The two pulses were separated by a ~36 s Ar purge to separate the
reductant and oxidant pulses, thus avoiding any undesirable reaction.
The DOSC experiments were used to quantify the amount of consumed reactant (reductant

or oxidant), or the amount of generated products. The following expressions were used:

N0 1 NCO,cons. 2X NOz,cons.

DOSC (CO) = - Ix (1)
Nosm 2 ( Nosm Nosm
2)
N 1 9 XN —N —N 2 XN
DOSC (C3H6) _ 0 _ ~ % ( C3Hg,cons. CO,gen. H,,gen. + 0,,cons.
Nosm 2 Nosm Nosm

Here N; is the number of moles of component 1 and the subscripts “cons.” and “gen.” refer to
consumption and generation, respectively. The reported DOSC was calculated as the average of
least 5 cycles once cyclic steady-state was reached. For more detail on the expressions and

calculations the reader is referred to the Supplemental Material (Section 1).

2.4 Steady-state and Lean-Rich Cyclic Experiments

A set of steady-state and lean-rich cycling experiments were conducted over the seven
monolithic catalysts (PA, PC, PS, PAC_DL, PSC_DL, CZO, SA; see Table 1-2). The feed
stoichiometry is characterized using the stoichiometric number defined by

[NO]+2[0,]
[H2]+9[C3Hg]

Sy = 3)

The stoichiometric neutral feed in the steady state experiments contained 0.17% Haz, 0.52% CO,
400 ppm C3Hs, 500 ppm NO, 0.5% O2, 7% H20, 7% CO> and balance Ar. In the modulation
experiments, the O> concentration was varied between 0.3% and 0.7% with 4 s/4 s timing while

other components remained at the same concentration.
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Thus the modulated feed had a cycle-averaged stoichiometric neutral feed (Snx = 1). The cyclic
experiments were carried out at feed temperature ranging from 150°C to 500°C. Beyond light-off,
the temperature increment was 50 °C while before light-off the temperature increment was
decreased to 25 °C or 15 °C. Before each set of experiments, the catalyst was pretreated by 5%
O; for 15 min, and then by a 10 min Ar purge. At least 10 cycles were averaged to determine the
cycle-averaged conversion and product yield ensuring that a cyclic steady-state was reached. The

equations used for reactant conversion are reported in the Supplemental Material (Section 2).

2.5 Temperature-Programmed Oxidation

A set of temperature-programmed oxidation (TPO) experiments were conducted to quantify
the catalytic oxidation of selected reductants (e.g. CO and CsHg) on selected catalyst samples.
Stoichiometric feeds were used in the TPO experiments. The ramp rate was 10 °C/min. The

pretreatment procedure was the same as that described in Section 2.4.

2.6 Performance Tests for Water Gas Shift Reaction and C3Hs Steam Reforming
Experiments were conducted to determine the extent of water gas shift (WGS) and C3He
steam reforming (SR) on the catalyst samples. For the WGS performance tests, the applied feed
contained 0.52% CO, 7% H>0, 7% CO; and balance Ar. Once stabilized, the H> yield was
recorded to evaluate water gas shift (WGS) reaction performance. For the C3Hg SR performance
tests, the applied feed was composed of 400 ppm C3Hs, 7% H>O and balance Ar. Once stabilized,
CsHe conversion was recorded to evaluate CsHs SR performance. The pretreatment procedure

was the same as that described in 2.4.
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3. Results
3.1 Catalyst Characterization
3.1.1 Surface area and PGM dispersion

Surface areas of the powder samples are reported in Table 2. Physisorption measurements
show that the surface areas correspond to the particular oxide, be it alumina (A), CZO, or MFO.
For example, for samples A and PA the surface area is that of y-Al.O3 while for CZO and PC the
surface area is that of Ceo3Zro702. On the other hand, for samples SA and PS, the reported
surface area is mainly from Al,Os; with a smaller contribution from MFO. XRD results (not
included here) show that MFO has a cubic structure with the lattice constant of 8.314 A. Based
on the Scherrer equation [27], the estimated crystallite size of MFO is ~20 nm. Assuming the
MFO resides on the Al>O3 as spheres with no porosity, the estimated surface area of the MFO is
~30 m*g (25 wt.% MFO/ALO; basis). CO chemisorption measurements reveal a PGM
dispersion for the PA sample of 11%. The consumption of CO was used to estimate the amount
of PGM oxide from which the PGM dispersion was determined. However, for PS or PC, the
OSM (MFO and CZO) caused a much higher CO consumption compared to the PA, giving

rather unreliable results. Hence we excluded the results for PS and PC.

3.1.2 TPR and TPD

The TPR and TPD results (Fig. 2) show the signal intensities in consumption/generation
rates to enable a clear comparison of the temperatures where there are notable peaks. The values
on the vertical axes represent the net rate for any of the subplot (i.e. the dashed line represent
zero for any of the subplot). The rate values were changed arbitrarily to ensure easier comparison

between CZO and MFO. The TPR data are used to elucidate the OSM reduction process by
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identifying the temperatures giving notable intensity changes; the magnitude of the signals are
less important. Fig. 2 shows that the uptake magnitude is ~10 times higher for SA compared to
CZO using CO as the reductant, which reflects the higher OSC for MFO. A quantitative
comparison of the more important DOSC is presented later (Section 3.5).

The H>-TPR show significant differences between the samples. The data for PA (Fig. 2a)
show that the oxide associated with the PGM supported on Al>Os is reduced in the relatively
lower temperature range of 100 °C to 350 °C. The Hz consumption is attributed to the reduction
of PtOx and PdO [14]. In contrast to the other samples, the rather broad peak indicates a lower
amount of stored oxygen. Malet et al. [25] pointed out that the merging of multiple peaks into a
single peak is likely for higher values of 3/C, ratio, where 3 and C, represent temperature ramp
rate and reductant concentration respectively. A higher H> concentration did not help to
overcome the measurement challenge due to the limited amount of oxides. The noise in the
results can be attributed the relatively high signal-to-noise ratio of the mass spectrometer
detector.

The TPR data show considerable differences in the CZO containing catalysts. For sample
CZO, both H>-TPR (Fig. 2a) and CO-TPR (Fig. 2b) show reductant uptake starting from a
relatively low temperature (~ 200 °C), with a large peak appearing at higher temperature (~
400 °C). These data are consistent with previous studies that report reduction of surface and bulk
oxygen species occurring at low temperature (~ 450 °C) and high temperature (~ 750 °C),
respectively [3, 4, 28]. With the addition of PGM to the CZO (sample PC) an easier reduction is
enabled. Specifically, H>-TPR shows reductant consumption starting at ~100 °C (Fig. 2a) while
CO-TPR (Fig. 2b) shows consumption starting at ~175 °C. Previous studies [21, 29, 30] report

that the metal-support interaction between PGM and CZO enables an easier utilization of oxygen.
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During H>-TPR on PC, the large peak at ~100 °C is attributed to sites near PGM (Pt and Pd).
Similarly, during CO-TPR on PC, the two reduction peaks at ~175 °C and ~275 °C are attributed
to adsorbed oxygen located near the Pt and Pd crystallites, while the two other more subtle
higher temperatures reduction peaks at ~425 °C and ~600 °C are attributed to the surface oxygen
sites further from PGM and bulk oxygen sites, respectively.

For sample SA, both H>-TPR and CO-TPR (Figs. 2a and 2b) show multiple peaks. H>-TPR
(Fig. 2a) shows a minor H> consumption peak at ~150 °C and a major H> consumption peak at
~425 °C, with continuous H> consumption up to 700 °C (upper temperature limit). In CO-TPR
(Fig. 2b), detectable CO consumption starts at ~150 °C, with three peaks observed at ~375 °C,
~435 °C and ~570 °C. The multiple peaks in H>-TPR and CO-TPR suggest the existence of
multiple metal oxide species. This is attributed to the multi-valent nature of MFO (MnosFe2504);
both Mn and Fe cations can exist in the +2 and +3 oxidation states. In a reducing atmosphere, the
Mn and Fe cations are reduced to lower oxidation states (i.e., Mn(III) - Mn (II) and Fe(IIl) -
Fe (IT) > FeY). This is accompanied by the loss of lattice oxygen to gaseous products (i.e. CO,

CO» and H20O). Two overall reactions are as follows:

MnosFe2 504 + CO~> 0.5 MnO + 2.5 FeO + CO» (R4)

MnosFe2504 + 3.5 CO =2 0.5 MnO + 2.5 Fe + 3.5 CO» (RS5)

Reaction R4 corresponds to 1 mol O/mol MFO while RS corresponds to 3.5 mol O/mol MFO.
Quantification of the CO consumption over different temperature ranges provides deeper

T . . . 50-700° C
insight into the progressive reduction of the MFO spinel., For example, OSC, represents

the integral CO consumption per mole of MFO from 50 °C to 700 °C. Our calculations show that

50-475° C 50—-700° C

OSCCO and OSCC0 are ~ 0.9 mol O/mol MFO and ~ 3.1 mol O/mol MFO,

14



respectively. 0SC237*75°C ~ 0.9 mol O/mol MFO suggests the first phase of CO reduction given
by reaction R4; i.e., Mn(III) and Fe(IIl) to Mn(II) and Fe(II). Above 475 °C, the CO-TPR shows

C297799°C value of 3.1 mol

only one peak, suggesting reduction of Fe(I) to Fe. The calculated OS
O/mol MFO is slightly smaller than the stoichiometry value of 3.5 from reaction RS which
suggests incomplete reduction of MFO during the CO-TPR. Full reduction may be achieved at
higher temperature but this was not pursued due to experimental constraints.

PGM addition to the MFO generally lowers the peak temperatures during H>-TPR and CO-
TPR (Figs. 2a and 2b), although the decreases are rather small. For PS, both H, and CO-TPR
show some reductant consumption from ~175 °C but the major reductant consumption occurs at
higher temperatures (i.e., ~600 °C for H> and ~540 °C for CO). This suggests that PGM
deposition onto the MFO provides limited promotion for oxygen activation from the MFO. This
point is also supported by DOSC results discussed later in Section 3.5.

02-TPD was conducted to rule out the possibility of thermal decomposition of the OSM.
Thermal decomposition of ceria occurs at the rather high temperature of ~1000 °C [31]. Fig. 2c
shows that SA releases O under inert flow above 550 °C, suggesting desorption of pre-adsorbed
0> or decomposition of MFO. The OSCC (oxygen storage capacity, complete) [17] can be
calculated by assuming that all Mn (III) is reduced to Mn (II) and all Fe (III) are reduced to Fe®.
The total amount of released O» only accounts for ~0.1% of the OSCC of SA. Thus, the extent of
thermal decomposition is quite limited in the temperature range of 550 °C -700 °C. We can
therefore conclude that reduction of CZO and MFO occurs mostly from reaction between

reductant and oxygen contained in the OSM rather than from OSM thermal decomposition.

3.2 Steady-State Results
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In this Section, we compare the CO, NO, and C3Hs abatement behavior for the simulated
exhaust under steady-state conditions for all seven monolith catalyst samples (CZO, SA, PA, PC,
PS, PAC_DL, PAS_DL). These data help to assess the contributions from the PGM and OSM
components, as well as the impact of the catalyst architecture.

3.2.1 Reference Catalysts

Three catalysts (CZO, SA and PA) serve as reference materials to understand the
contributions from PGM and CZO components. Fig. 3 compares the NO (3a), CO (3b), and
CsHes (3c) conversion for the three reference catalysts spanning the feed temperature range
spanning 200 °C to 500 °C. Clearly, PA is the most active of the three catalysts, which is not
surprising given that it is the lone reference catalyst containing PGM. With PA, the Tso (the feed
temperature giving 80% conversion) for NO, CO and C3Hg are ~375 °C, ~345 °C and ~365 °C,
respectively. Both CZO and SA give rather low NO and CO conversions (< 20%) over the tested
temperature range, with SA having a consistently higher, albeit slight, activity than CZO. SA is
much more active for propylene oxidation than CZO; e.g., ~60% conversion for SA at feed
temperature at 500 °C compared to only ~12% conversion for CZO. In summary, the PGM is
much more active than the OSM materials. CZO itself has a negligible activity in converting NO,

CO and C3Hg below 500 °C while the MFO spinel catalyzes C3He conversion at relatively low

temperatures (e.g. > 350 °C).

3.2.2 PGM and OSM-containing catalysts
As described earlier, two types of catalyst architectures were employed to incorporate the
PGM and OSM functions onto the monolith substrate. The first architecture comprised PGM

deposited directly onto the OSM. The second architecture comprised OSM and PGM as two
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separate washcoat layers. Fig. 4 shows the NO, CO, and C3Hg conversions for the PGM-only (PA)
and PGM + OSM-containing catalysts (PC, PAC_DL, PS, PAS_DL) under steady-state
conditions. The PGM-only sample (PA) serves as the reference to evaluate the contribution from
OSM addition. The performance of the samples are evaluated based on feed temperature and
monolith temperature. Results for the CZO-based catalysts are provided in Figs. 4a — 4c (feed
temperature) and 4g — 4i (monolith temperature); results for the MFO-based catalysts are
provided in Figs. 4d — 4f (feed temperature) and 4j — 41 (monolith temperature).

Results based on feed temperature are considered first. For all the catalyst samples the NO,
CO, and C3Hg conversions span <20% at feed temperatures below ~200 °C to >95% at post light-
off temperatures (> 350 °C). Between those limits the activities of the catalysts vary
significantly. Table 3 provides the Tgo values for NO, CO and C3He conversions. In general, the
addition of OSM decreases Tgo (from the PA reference value) for each of the reactants. The PC
sample exhibits the largest Tso decrease; i.e. ~65°C, ~85°C, and ~80 °C for NO, CO and C3zHs,
respectively. In contrast, a considerably smaller Tgo decrease of ~15 °C is evident for the dual-
layer PAC_DL sample.

A different trend is observed with the MFO-containing catalysts. For sample PS, the Tsgo for
NO, CO and C3Hg is lowered by ~35 °C, ~25°C, and ~45 °C, respectively, from the PA reference
value. For the dual-layer sample PAS_DL, Tso for NO and CO is lowered by another ~15 °C and
30 °C compared to PS, while the Tgo for C3Hs remains unchanged.

Oxidation of reductants (H>, CO, C3Hg) generate an exotherm with a temperature rise
proportional to their feed concentrations. This increases the catalyst temperature and reaction
rates. For the multiple reaction system used, the temperature rise between the feed and the

midpoint of monolith approached ~80 °C at complete conversion (see Fig. S2 in Supplemental
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Material). Additional discussion of the adiabatic temperature effects are included in the
Supplemental Material [49]. To account for the temperature rise, the reactant (NO, CO, C3Hs)
conversions obtained with the PGM + OSM-containing catalysts are plotted as a function of
monolith temperature (Figs. 4g — 41). The monolith temperature based light-off temperature,
Tgo.m, was measured for NO, CO and C3Hs for the five catalysts. The results are summarized in
Table 3. For CZO-containing samples, PAC_DL gives a Tsom about ~10 °C higher than Tso,
compared to PA. PC gives a large decrease (~70 °C) in Tso,m for NO, CO and C3H¢ compared to
PA. The spinel containing catalysts PAS_DL and PS have ~40 °C lower Tgo.m for C3He oxidation
compared to PA. The PGM-deposited MFO sample (PS) has a Tso,m for NO and CO conversion
that is ~40 °C lower than that obtained for PA. PAS_DL gives a further decrease ~10 °C to Tgom
for NO and CO compared to PS.

To summarize, the steady state findings show that the preferred architecture giving the best
overall abatement of NO, CO, and C3Hs depends on the OSM material. For CZO the preferred
architecture is single layer of CZO-supported PGM while for the MFO spinel the preferred
architecture is the dual-layer PGM + spinel. We return to this interesting if not counterintuitive
finding in later Sections.

3.3 Promotion by OSM

In the last Section we compared the steady-state performance for the PGM-only, OSM-only
and PGM + OSM containing catalysts. The catalyst comparisons conclusively show that the
OSM (CZO or MFO) promotes the activity for most of the catalysts. In this Section, we expand
on the OSM contributions to the simultaneous removal of NO, CO and CsHg. It is useful at this
point to provide the global reactions that occur for the feed containing NO, CO and C3He. These

are as follows:
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Hz + 0.5 O > H20 AHSyex = —241.8KkJ/mol  (R6)

CO +0.5 0, > CO; AHSyx = —283.0Kk]/mol  (R7)
CsHe + 4.5 02> 3CO2 + 3 H20 AH9gx = —1928.3k]/mol  (R8)
H>0 + CO 5 H, + CO» AHSogrx = —41.2 k]/mol (R9)
C3Hs + 3 H20 > 3CO + 6 Hy AHSygx = 371.64KkJ/mol  (R10)

CO (or H; or C3Hg) + NO = N> (or N2O or NH3) + CO» (and H,O)*
*unbalanced stoichiometry

(R11)
In addition to the oxidation reactions, NO reduction (R11), water gas shift (WGS, reaction 9),
and CsHg steam reforming (C3Hes SR, reaction 10) occur, the latter two when O is completely
consumed. The oxidation reactions R6 to R9 provide exothermic reaction heat of reaction to
drive endothermic reactions such as steam reforming of propylene or the reverse water gas shift
reaction (reverse of R9).
3.3.1 Impact of water gas shift and C3Hg steam reforming

The catalytic performance of the water gas shift reaction and C3He steam reforming reaction
were tested for the CZO and MFO-based catalysts. Results are summarized in Section 4 in the
Supplemental Material [4, 5, 32 - 35]. Generally, PC shows excellent WGS promotion (from
300 °C) and limited CsH¢ SR promotion. In contrast, PA or MFO-containing catalysts (SA,
PAS_DL and PS) show negligible WGS or C3Hg SR activity below 500 °C. Among the three
reductants used (Hz, CO, C3Hs), H is the most reactive. The WGS and C3Hs SR activity of PC
provides additional conversion pathways for CO and CsHs beyond the oxidations. In contrast,

WGS and C3Hg SR routes have almost negligible contribution to CO and C3Hg conversion on

MFO based catalysts, at least before light-off.

3.3.2 OSM conversion enhancement
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Catalysts containing PGM supported on ceria (or CZO) are well known for their oxidation
activity [3, 4, 6]. For example, the rate of CO oxidation over PGM-AI,O3 catalysts suffers from
self-inhibition at low temperatures (before light-off) [36, 37]. The -1 order with respect to CO is
well established [37]. Previous studies [36, 37, 38] show that addition of a sufficient amount of
ceria (or CZO) to PGM-AI,Os catalysts can mitigate the detrimental impact of CO self-inhibition.
It is generally accepted that reaction occurs between CO adsorbed on PGM sites with oxygen
adatoms supplied by CeO» to the PGM through a spillover process. Previous reported results [37,
38] also show that PGM-CZO based catalysts (e.g. Pt/CeO2/Al203 and Pd/CZO) also promote
CsHe light-off. The mechanism is thought to involve oxygen supplied via ceria (or CZO). The
effective utilization of oxygen atoms from CZO is due to a favorable metal-support interaction
between PGM and CZO. This was reported in earlier studies [3, 4, 6] and corroborated by TPR
results described earlier (Fig. 2b). The beneficial interaction clearly depends on the presence of
the PGM-CZO interface where catalysis occurs. For this reason, catalysts in which the oxygen
storage materials and PGM crystallites are not in close proximity are inferior to those that are. In
order to maximize the promotional effect of CZO, the design with PGM directly deposited onto
CZO should be used.

For MFO spinel-containing catalysts a different picture emerges. The oxidations of CO and
CsHs by O> are mainly responsible for the overall conversion of CO and C3Hs, as MFO-
containing catalysts show rather poor WGS and C3He¢ SR performance (Fig. S3). Before
discussing the promotional impact of MFO for both the single-layer PS and dual-layer PAS_DL,
it helps to examine the oxidation activity of alumina-supported spinel (SA) and alumina-
supported PGM (PA). Figs. 5a and 5b respectively show the TPO of individual components CO

and C3He. Table 4 provides the light-off temperatures (Tsom) of CO and C3He during their
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oxidations. PA is clearly the more active of the two catalysts, with a ~185 °C lower Tso,m for CO
oxidation compared to SA, while achieving 100% CO conversion by ~320 °C. These data
suggest that CO oxidation is faster on the PGM sites. In contrast, C3Hg oxidation performance on
SA is comparable to that on PA; both SA and PA have a similar Tso,m for C3Hg oxidation of ~410
°C. For PA, detectable C3Hg conversion starts from ~225 °C. Before light-off, a plateau in Cs3Hs
conversion occurs over the 250 ~375 °C temperature range. A similar feature was reported for
propylene oxidation on Pd/CeOz [37]. The sharp feature may be due to ignition of accumulated
carbonaceous species on the PGM sites [37, 39]. Compared to PA, SA has a smoother but less
steep C3Hs light-off curve. Further, while complete C3Hg conversion is not reached until quite
high temperature (550 °C) for SA, C3Hg conversion is detectable starting at temperatures as low
as ~300 °C. In fact, over a narrow temperature range (340 °C ~410 °C), SA has a higher C3He
conversion than PA. Additionally, CO appears as a byproduct from partial oxidation of C3Hg on
SA. Other results (Section 5 in Supplemental Material) [37, 39] show that C3He is the most
reactive of the three reductants (CO, H» and C3Hse) on the spinel catalyst.

In order to decipher the data for the supported MFO spinel catalyst (SA), it is instructive to
conduct a set of TPO experiments of single component and two components to identify
inhibition effects. The TPO results for Hz, CO, CsHs for single- and co-oxidations are provided
in Fig. 6. Table 5 gives the measured light-off temperatures for Ho, CO and C3He in single
oxidation and co-oxidation experiments. The O feed concentration is adjusted in all cases to
maintain overall stoichiometric feeds. The data show that CO oxidation is inhibited by H> and/or
CsHs, while C3Hg oxidation is unaffected by H> and/or CO. For the single component oxidations,
the Tsom for Ha, CO and C3Hg are 410 °C, 475 °C and 410 °C, respectively. The addition of a

second reductant to H> (CO or C3Hg) results in a higher Tsom, showing cross inhibition (Fig. 6a).
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A similar result happens for CO when either H> or CsHg are added (Fig. 6b). In contrast, the C3He
conversion and light-off remains unaffected by the addition of CO or H> (Fig. 6¢). TPO results
(not included here) with a ternary mixture having a stoichiometric concentration of O» also
shows unaffected C3He light-off but inhibited oxidations of CO and H>. We showed earlier that
CO oxidation is preferred on PGM sites. For H> oxidation, PA gives Tioo, m ~50 °C while SA
gives Tsom ~410 °C. The TPO results using SA confirm that CsHs oxidation occurs on both PGM
and MFO sites while CO and H; oxidation is preferred on PGM sites.

The previous literature shows that CO and C3;He inhibit each other during light-off on both
Pt/AlO3 and Pd/Al>O3 catalysts [37, 39, 51]. That is the case for the PGM used in the current
study as well (Section 7 in Supplemental Material). Fig. 7 shows the single oxidations of CO and
CsHe as well as co-oxidations while keeping the O2 concentration at the neutral stoichiometric
condition. At the feed concentrations considered for the single oxidations (0.52% CO or 400 ppm
C3Hs) CO lights off at ~300 °C while C3Hs lights off at ~410 °C. The addition of the other
reductant increases the light off temperature for each by ~150 °C for CO and ~50 °C for C3Hs,
demonstrating mutual inhibition.

With the catalytic activity of MFO established for C3Hg oxidation and the mutual inhibition
on the particular PGM formulation demonstrated, the better performance of the dual-layer PGM
+ spinel catalyst (PAS_DL) can be more clearly understood. The PGM sites are active for both
the oxidations of CO and C3He. Thus, the addition of the MFO to the PGM catalyst mitigates the
mutual inhibition between CO and C3He. This is a result of the oxidation of C3He on the MFO-
only catalyst. Fig. Sc compares the co-oxidation performance of CO and C3Hg oxidation over PA
and PAS_DL. The addition of the base MFO (PAS_DL) lowers the Tgom for C3Hes and CO by

~85 °C and ~65 °C. The enhancement in the C3Hg conversion is attributed to the additional
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oxidation that occurs on the MFO sites of the dual-layer catalyst (Fig. 5b). In contrast, the
enhancement in the CO conversion results from a higher rate of CO oxidation on PGM as we
shown earlier that SA exhibits negligible CO oxidation activity below 375 °C (Fig. 5a). However,
in this temperature range the dual layer catalyst has a higher C3Hg conversion, which lowers the
local C3Hg concentration. This in turn lessens the detrimental inhibition of CO oxidation by
propylene on the PGM sites (Fig. 7). In addition, CO that is generated through C3Hs partial
oxidation over SA may be catalytically converted in the adjacent top PGM layer. Hence, CO
conversion in co-oxidation using PAS_DL is enhanced compared to PA. The CO and CsHg
oxidation results over PA and PAS_DL are consistent with earlier results in Fig. 4, that show PA
and PAS_DL give nearly equal NO, CO and CsHs conversions below ~310 °C. Above 310 °C
NO, CO and C3Hs conversions on PAS DL exceed those on PA.

The enhanced conversion of CO and C3He oxidation by PS (vs. PA) is attributed to two
factors. The first factor is that MFO is a supplier of oxygen to the PGM at the PGM-MFO
interface, akin to the role of CZO for the PC catalyst. The second factor is an active MFO. Fig.
8a compares the CO TPO results for PA, PAS_DL and PS. Compared to PA, both PAS_DL and
PS have slightly lower Tsom; i.e. ~ 5 °C and ~ 30 °C, respectively. We discussed earlier that the
MFO has poor CO oxidation activity below 375 °C (Fig. 5a). Accordingly, the dual-layer
PAS_DL shows similar CO oxidation performance to the PA. The enhancement obtained with
PS relies on the interaction between the spinel and PGM. Earlier CO-TPR data (Fig. 2b) show
that the addition of PGM directly onto the MFO spinel slightly promotes oxygen activation from
MFQO, i.e., the CO consumption peak is lowered by 35 °C, from 570 °C to 535 °C. In comparison,
the CO-TPR data (Fig. 2b) show that PGM deposited on CZO dramatically enhances oxygen

activation from CZO, with the peak temperature lowered by ~200 °C, from ~375 °C to ~175 °C.
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This difference suggests that the interaction between PGM and MFO is quite a bit weaker than
between PGM and CZO. Fig. 8b compares the C3Hs TPO results for PA, PAS_DL and PS.
Compared to PA, both PAS_DL and PS give better C3He¢ oxidation performance, with Tsom
lowered by ~ 80 °C and ~ 70 °C, respectively. Again, as shown earlier the MFO spinel itself
catalyzes C3He oxidation (Fig. 5b). With PS and PAS_DL having the same MFO loading, the
second role of MFO as an oxidation catalyst should be comparable for both catalysts. However,
the inferior C3Hg TPO performance of PS compared to PAS_DL suggests a detrimental PGM-
MFO interaction that negatively impacts the C3He oxidation. This result is quite different than
the enhancement achieved with the CZO-supported PGM which promotes C3Hg oxidation [37,
39, 51].

Finally, with a full mixture (CO, C3Hs, NO and O2), the overall performance is more
complicated due to the potential inhibition among reactants. A thorough understanding of the
effects will require combined experimental and modeling, a subject for future study. Additionally,
MFO spinel needs to be screened for desired reaction activities, such as HC oxidation and NO

decomposition.

3.3.3 Promotion for NO reduction

Figs. 4a and 4d showed that addition of OSM to PA enhances NO conversion for both
CZO- and MFO-containing catalysts. For the former, previous researchers reported additional
NO reduction pathways, including NO decomposition on reduced ceria and PGM/CZO [23, 40]
as well as direct NO reduction by reductant (CO or Hz) [22, 41]. To this end, we tested NO

reduction performance over MFO-containing catalysts with CO as the model reductant.
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Fig. 9 shows the NO conversion as a function of temperature over PA, PS and SA with CO
as the reductant for the nearly equimolar mixture (CO/NO = 6/5). Overall the PS sample is the
most active for NO conversion while SA is nearly inactive. Between 200 °C to 400° C, the NO
conversion is <10%, suggesting that MFO by itself offers little or no NO reduction activity. In
addition, the MFO-free PGM sample PA is only moderately active. Clearly the addition of PGM
onto the MFO spinel gives a large enhancement in the NO conversion. This is not simply a result
of the addition of precious metal crystallites but the creation of an active co-catalyst, likely at the
PGM-MFO interface. Interestingly, earlier results in Fig. 4j showed that PAS_DL promotes NO
conversion compared to PA. The somewhat counterintuitive result suggests that the interaction
does not require a large interface between the two functions. For PA, only PGM sites are
available to catalyze the chemistry. In such a case all of the reactants (Hz, CO, C3Hg, O2, NO)
compete with each other for adsorption and reaction on PGM sites. For PAS_DL, the MFO
provides additional sites for desired reactions, particularly CsHe oxidation. This lessens the

competition between reactants and as a result makes NO reduction more efficiently on PGM sites.

3.4 Impact of Modulation

The exhaust from combustion engines switches between fuel-lean and fuel-rich conditions
due to the imperfect control of the air/fuel ratio. Hence, a more realistic testing condition is a
cycle-averaged near-stoichiometric feed with periodic variation between lean and rich
composition. An intriguing extension would be optimized feed policies that maximize catalysts
performance, minimize precious metal content, or a combination of both.

Cycle-averaged NO, CO, CsHs conversions under modulated feeds over PA and

PGM+OSM containing catalysts are shown as a function of the feed temperature in Fig. 10. For
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the latter, results over PC and PAS_DL were used for comparison, as we previously showed that
the PC sample is the best for CZO-containing catalysts while the PAS_DL is the best for MFO

-containing catalysts. For each of the three catalysts performance under a steady-state feed
is included as the reference.

For the PA sample (Fig. 10, left column), modulation only slightly increases the NO and
CsHs conversions before light-off (< 350 °C), while the CO conversion is nearly unaffected.
Enhancement in the conversions of NO and C3He under modulation is consistent with the study
of Muraki et al. [42] who reported NO and C3Hg conversion enhancement under modulation with
a Pt/Al>03 catalyst. Silveston [43, 44] reviewed the impacts of modulation on TWC performance,
showing that forced modulation might enhance conversion of some reactants at low and medium
temperatures (< 400 °C). Other studies [45, 46, 47] point out that the impacts from modulation
are complex, with dependence on several parameters, including catalyst compositions (e.g., PGM
type), reaction conditions (e.g., reductant type, space velocity, axial dispersion), and modulation
modes (e.g., modulation frequency and amplitude). Conversion (or rate) enhancement by forced
modulation is a result of a nonlinear coupling between the transient feed composition and the
rate of consumption. In general, the dependence of output and input reactant concentration must
be concave and the modulation must be sufficiently fast relative to the catalyst response time
[50].

The PA data reveal that at high temperatures (>350 °C), modulation suppresses the NO, CO
and CsHg conversions by ~20%, ~12% and ~7%, °C respectively. Silveston [43, 44] also showed
that periodic forcing suppresses conversions at high temperatures (i.e. 400 °C - 800 °C).
Suppression of conversion by modulation at high temperatures results from insufficient oxidation

of reductants (CO and C3He) during the rich feed and insufficient reduction of NO during the
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lean feed. The mathematical condition for suppression of the rate is a convex rate dependence on
the reactant concentration [50].

These findings on the effect of modulation on the performance of the reference PA catalyst
motivates an investigation of the impact of OSM addition on the catalyst performance [2, 3].
Trapping and release of oxygen is expected to have an impact since the rates of oxidation and
reduction (of NO) are typically sensitive to the O» concentration. In this study we deliberately
chose a longer cycle (4s/4s) to amplify the decrease by modulation at high temperatures in order
to clearly illustrate the role of OSM. The experiments reveal that addition of OSM (either CZO
or MFO) mitigates the detrimental impact of modulation in the high conversion and temperature
regimes. For example, with PAS_DL (Fig. 10, second column) or PC (Fig. 10, third column III)
the NO conversion under modulation is ~10% lower than under steady-state operation. Thus the
gap between steady state and modulated operation is smaller. For CO conversion the OSM
benefit is clearly evident for both CZO and MFO. In fact, CZO addition eliminates the
modulation suppression completely, whereas for propylene conversion the MFO addition nearly
eliminates the suppression. For the PAS_DL sample, modulation has a negligible impact on
C3Hs conversion above 350 °C while for PA the conversion dropped up to 20% from the steady-

state level.

3.5 Dynamic Oxygen Storage Capacity (DOSC)

Modulation results show that CZO and MFO-containing catalysts exhibit resistance to
different reductant conversions; i.e. PC is resistant for CO conversion while MFO is resistant for
CsHs conversion. Such features result from different reduction capability of CO and C3Hg on the

CZO and MFO. To further understand the impacts of modulation and OSC addition, we
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conducted DOSC measurements to evaluate the oxygen storage and release performance of CZO
and MFO using reductants CO and C3Hs under lean/rich switching. The measured oxygen uptake
was calculated from the data as a molar ratio for each OSM; i.e. mole O/mole CZO or MFO.

The cycle-averaged DOSC results for CZO or MFO based catalysts (OSM-only and PGM-
OSM catalysts) with CO or C3Hg as the probe gas are shown in Fig. 11. Before showing the
results it is instructive to define two limiting OSC values. The “OSC complete” (OSCC) [17] is
the maximum oxygen consumption determined by the OSM stoichiometry. We estimated OSCC
for both CZO and MFO spinel. For CZO we assume that that all Ce cations in Ceo.3Zro.70> are
reduced from Ce(IV) to Ce(Ill). The OSCC is calculated to be 0.15 mol O/mol CZO. Similarly,
the OSCC for MFO is estimated as 3.5 mol O/ mol MFO by assuming that all Mn cations are
reduced to a Mn(IT) and all Fe ions are reduced to Fe’. The second limiting OSC value is the
“reductant limiting OSC” (or OSCR) in moles of O consumed/mole OSM during complete
reductant consumption in the DOSC experiment. Figs. 11a and 11b show this limiting value
when feeding in CO or C3Hg at the equivalent level of reduction intensity based on the oxidation
stoichiometries (CO/CsHg = 9). For CZO the OSCR value is 0.034 mol O/mol CZO while for
MFO the OSCR value is 0.225 mol O/mol MFO. Again, this estimate assumes 100% conversion
of the injected CO (or C3Hg) and O».

Fig. 11a compares the DOSC performance for CZO and PC. Over the temperature range
considered (200 °C - 600 °C), CO gives a consistently higher DOSC than C3Hg for the CZO and
PC catalysts. PGM addition dramatically enhances the utilization efficiency of oxygen from
CZO, which is undoubtedly a result of the established beneficial coupling between the PGM and
CZO [3, 4]. For example, DOSC for PC at 350 °C with CO as probe gas is ~0.028 mol O/mol

CZO, accounting for ~18% of the OSCC, which is ~14 times higher than DOSC for the CZO-
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only sample at the same conditions (~ 0.002 mol O/mol CZO). The measured DOSC for PC for
both CO and CsHs approaches ~0.03 mol O/mol CZO at high temperature, which is slightly
smaller than the OSCR value of 0.034 mol O/mol CZO. The slight difference may be attributed
to diffusion impacts. The inferior DOSC by C3Hg at lower temperatures (< 450 °C) is attributed
to the lower reactivity of C3Hs on either CZO or PGM-CZO [7, 48].

Fig. 11b compares the DOSC performance for the MFO and PS catalysts. Both MFO and
PS exhibit dynamic oxygen exchange at the relatively lower temperature, i.e. ~200 °C for CO
case and ~250 °C for C3He. Further, over the same temperature range, CO and CsHs give
comparable DOSC. In contrast to CZO materials, PGM deposition onto the spinel OSC shows
limited enhancement for DOSC, suggesting an ineffective activation of MFO spinel by the PGM,
consistent with the earlier TPR results. For example, the DOSC for PS at 350 °C with CO as the
probe gas is ~0.07 mol O/mol MFO, amounting to ~2% of the OSCC; this is ~1.5 times higher
than the DOSC for the SA at the same conditions (~ 0.047 mol O/mol MFO). These measured
DOSC values are slightly smaller than the OSCR value of 0.225 mol O/mol MFO at high
temperature.

The interested reader is referred to the Supplemental Material (Section 6) [7, 19, 20, 48] for
detailed transient speciation of the effluent during the DOSC lean-rich cycling experiments. A
detailed DOSC study for CZO and spinel is ongoing, but these results provide insight into the
overall performance of PC and PAS_DL under modulation conditions.

Fig. 12 depicts the envisioned process for CZO (a) and MFO spinel (b). The OSM is
reduced by CO and C3Hs during the rich phase, generating vacancies and possibly depositing
carbonaceous species in the case of propylene. The vacancies and carbonaceous species serve as

active sites for NO and O reduction during the following lean phase. As shown, the
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consumption of reductants (Hz, CO and C3Hs) with a modulated exhaust feed occurs via reaction
with oxidants (O and H>0), as well as reaction with the OSM itself. The preference of reductant
oxidation on the CZO-promoted PGM is in the order: H» > CO > C3He¢ [37, 39]. Earlier described
results (Figs. S3a and S3b) showed that PC has high WGS activity but negligible C3Hs SR
activity. The DOSC results (Figs. 11a and 11b) show that CO results in a higher DOSC than
C3Hs for both CZO and PC catalysts. Hence, under modulation conditions, CO is preferred to be
converted over PC via oxidation by oxidants (O; and H>O) and CZO than is C3Hs. Accordingly,
for PC (Fig. 10, Column III), CO conversion is more resistant to modulation than C3He. The dual
layer catalyst (PAS_DL) contains PGM as the active component and MFO as the promoter. The
conversions of CO and C3Hs depend almost entirely on oxidation by O and oxygen supplied by
the MFO spinel since the catalyst has rather poor WGS and C3Heg SR activity (Fig. S3). As we
discussed earlier, with regards to co-oxidation of CO and C3Hg by Oz, PGM sites are favorable
for CO oxidation while the MFO shows preference C3Hg oxidation. C3He inhibits CO oxidation
on both PGM and spinel while C3Hg oxidation is inhibited by CO on PGM, but unaffected by CO
on spinel. The DOSC results (Fig. 10b) show that CO and C3;He give similar DOSC for spinel.
Collectively this suggests that the addition of the MFO to PA enhances C3He¢ oxidation and
increases the resistance of C3Hg conversion to modulation. If the promotion from spinel is
sufficient C3Hg conversion remains almost the same under modulation compared to under

steady-state operation (Fig. 10, Column II).

4 Conclusions
This experimental study of the simultaneous removal of NO, CO and C3Hg elucidates the

promotion of precious metal catalyst from ceria- and spinel oxygen storage materials. The

30



investigated impacts of OSM type (CZO and spinel MnosFe2504), operation mode (steady-state
and modulation) as well as catalyst design (PGM deposition on OSM and separation of PGM and
OSM) provide insight into the performance and design of catalysts for TWC applications.

The best PGM-OSM catalyst designs for CZO or spinel are direct deposition of PGM on
CZO (PC) and dual-layer PGM-MFO structure (PAS_DL), respectively. Compared to
PGM/AIL,O3 (PA), PC and PAS_DL decreases Tsofeed (feed temperature giving 80% conversion)
for NO, CO and C3Hg for ~70 °C and ~50 °C respectively. H> and CO-TPR results show strong
interaction between PGM and CZO but weak interaction between PGM and spinel. Deposition of
PGM onto CZO ease the activation and utilization of oxygen from CZO, especially oxygen
proximal to PGM. PC shows promotion for oxidation of reductants (CO and C3Hg), reduction of
NO, water gas shift reaction and minor promotion for CsHe¢ SR promotion, all of which
contribute to simultaneous removal of NO, CO and CsHs. In contrast, PA and MFO-containing
PGM catalysts show rather confined WGS and C3He SR performance. The weak interaction
between PGM and spinel indicates that deposition of PGM onto spinel may not be the optimal
design. Compared to PA, promotion from MFO-containing PGM catalysts mainly results from
additional active catalytic sites (MnosFe2504), where desired reactants can be converted,
especially via C3Hg oxidation by Oa.

At high temperatures (i.e. after light-off), modulation decreases NO, CO and C3Hse
conversions simultaneously over PGM-AI>O3. Such a detrimental impact from modulation is
lessened by OSM addition. PC and PAS_DL are more resistant to CO or C3Hs modulation
respectively. Dynamic oxygen storage capacity (DOSC) measurements were conducted to
evaluate the fast oxygen release/storage in OSM. Results show that the MFO spinel exhibits ~20

times higher DOSC than CZO with either CO or C3Hg as the probe reductant. Results show that
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CO and Cs3Hg have comparable reactivity with spinel but CO is better for CZO and PGM-
deposited CZO. Experimental and modeling research of DOSC behavior of CZO and spinel are
still on-going.

The study provides insight into the benefits of OSM and provides guidance for
optimization of TWC catalyst formulation. Although spinel (MnosFe>s04) may not be the
optimal OSM for TWC design, spinel-containing PGM catalysts may be used in other
applications. For example, concurrent studies at the University of Houston revealed that the dual-
layer PGM-spinel catalysts exhibit comparable or even better CH4 oxidation performance to

PGM/CZO catalysts [58].
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Table 1-1 Powder Catalysts Used in This Study

Powder Catalyst Component
A ALO;
C70 Ceo.3Zr0.702 (CZO)
SA 25 wt% MngsFes 504 (MFO)/75 wt% Al,O3 (Spinel)
PA 1wt% PGM (Pt:Pd = 19:1)/AL,0s
PC 1wt% PGM (Pt:Pd = 19:1)/CZ0O
PS 1wt% PGM (Pt:Pd = 19:1)/Spinel

Table 1-2 Monolith Catalysts Used in This Study

Monolith Catalysts Architecture Washcoat Loading OSM Loading PGM Loading
PA Single layer PGM/AI,O3 100 g/dm’ -- 30 g/ft’ (Pt:Pd = 19:1)
CZO Single layer CZO 100 g/ dm’ --
PC Single layer PGM/CZO 100 g/ dm’ 100 g/ dm’ CZO 30 g/ft’ (Pt:Pd = 19:1)
PAC_DL Dual layer (top PGM and bottom CZO) 200 g/ dm’ 30 g/ft’ (Pt:Pd = 19:1)
SA Single layer spinel 100 g/ dm’ 100 g/ dm’ Spinel --
PS Single layer PGM/Spinel 100 g/ dm’ (25 wt% MngsFe>sOs/ 30 g/ft’ (Pt:Pd = 19:1)
PAS_DL Dual layer (top PGM and bottom spinel) 200 g/ dm’ 75 wt% AlOs) 30 g/ft’ (Pt:Pd = 19:1)
Table 2 BET Surface Area
Powder Catalyst A CZ0 SA PA PC PS
BET Surface Area (m*/g) 170.1 76.3 93.2 164.6 73.3 95.2




Table 3 Tso and Tgom of NO, CO and C3Hg for PGM-containing Catalysts

Catalyst PA PC PAC_DL PS PAS_DL
Tso (NO) (°C) ~375 ~310 ~355 ~340 ~325
Tso (CO) (°C) ~345 ~260 ~335 ~320 ~290
Tso (C3Hs) (°C) ~365 ~285 ~345 ~320 ~320
Tso.m (NO) (°C) ~450 ~380 ~425 ~410 ~400
Tsom (CO) (°C) ~390 ~330 ~390 ~350 ~330
Tsom (C3He) (°C) ~430 ~360 ~410 ~385 ~390

Table 4 Tsom of CO or C3Hg in CO or C3Hs-TPO

Catalyst PA SA
Tsom (CO) (°C) <290 <475
Tsom (C3He) (°C) ~410 ~410

Table 5 Light-off temperatures for H,, CO and CsHe

Tsom for desired reductant (°C)

Reductant Sole-oxidation With 0.17% H,  With 0.52% CO g‘g‘ 400 ppm
3116
H, 410 = 450 500
[30) 475 525 = 540

CsHs 410 410 410 -




o czo h Reductant
oxidant (H2 CO, C3He) Oxidized OSM
(©, NO))‘ ; ’ (CZO or Mn, sFe, ;0,)
coZv HZO, :
Ny, NH,N,0 czo
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