. HOKKAIDO UNIVERSITY

Promotional Effect of La in the Three-Way Catalysis of La-Loaded Al203-Supported Pd Catalysts

e (Pd/La/AL203)
Author (s) Jing, Yuan; Cai, Zhengxu; Liu, Chong et al.
Citation ACS catalysis, 10(2), 1010-1023
https://doi.org/10.1021/acscatal. 9b03766

Issue Date 2020-01-17

Doc URL https://hdl. handle. net/2115/80206

This document is the Accepted Manuscript version of a Published Work that appeared in final
form in ACS Catalysis, copyright ¢ American Chemical Society after peer review and technical

el editing by the publisher. To access the final edited and published work see
https://pubs. acs.org/doi/10.1021/acscatal. 9b03766
Type journal article
File Information Main text Pd-La-Al203 ACS catal for HUSCAP.pdf

kaido
\’\o\( U”/Lp

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Promotional Effect of La in the Three-Way Catalysis of La-

Loaded Al,O3-Supported Pd Catalysts (Pd/La/Al2O3)

Yuan Jing,T Zhengxu Cai,T Chong Liu,t Takashi Toyao,*™* Zen Maeno,' Hiroyuki Asakura,*

Satoru Hiwasa,* Shuhei Nagaoka,*$ Hiroshi Kondoh,* and Ken-ichi Shimizut#

T Institute for Catalysis, Hokkaido University, N-21, W-10, Sapporo 001-0021, Japan

* Elements Strategy Initiative for Catalysts and Batteries, Kyoto University, Katsura, Kyoto
615-8520, Japan

* Department of Chemistry, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522,
Japan

¥ Johnson Matthey Japan G.K., 5123-3, Kitsuregawa, Sakura, Tochigi 329-1412, Japan

*Corresponding authors:
Takashi Toyao and Shuhei Nagaoka

E-mail: toyao@cat.hokudai.ac.jp; Shuhei.Nagaoka@mattheyasia.com



Abstract

La-loaded Al,O3 (La/Al203) is a practical support for three-way catalysis (TWC) reactions. Although it
has been reported that the addition of La to Al,O; results in improved thermal stability to retain high
specific surface areas, its effect on the catalytic reduction of NO, (DeNOx) has not been studied
systematically. Herein, we describe the role of La in La/Al.Os-supported Pd catalysts (Pd/La/Al203)
for TWC reactions. For that purpose, we employed various in situ spectroscopic studies, including IR,
XAFS, and near-ambient-pressure XPS (NAP-XPS), in combination with DFT calculations. The
obtained results revealed that Pd° species supported on La/Al,O; are more electron deficient
compared to those on pristine Al,O3 without La (Pd/Al2O3). Kinetic studies using powdered catalysts
revealed that the addition of La suppresses the poisoning effect by CO during the DeNOy reactions.
In addition to the catalytic tests with powdered catalysts, monolithic honeycomb forms of the catalysts
were prepared and employed for TWC reactions, which showed that Pd/La/Al,O3 exhibits higher
DeNOxy activity than Pd/Al,Os. In this study, we also reexamined the effective loading amount of La,
which has traditionally been ~3-5 wt% of La for TWC processes in order to retain the high specific
surface area of the La/Al,O3 supports. Our investigations showed that an increased La loading (15
wt%) is even more effective for the DeNOy reactions tested in this study due to the higher reactivity
toward NO and the greater suppression of the poisoning effect of CO. The developed catalyst
Pd/La(15)/Al.03 has also been tested in a commercial vehicle and been evaluated on a practical
driving mode test cycle (LA-4; city cycle of US Federal and California), where it showed a better
catalytic performance than the conventionally used Pd/La(3-5)/Al,O; catalysts. Our study suggests
that the loading amount of La in Pd/La/Al,Os catalysts needs to be adjusted depending on the
application systems, considering not only the support stability (surface areas) but also the promotional

effect in the TWC process.
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1. Introduction

Three-way catalysis (TWC) is regarded as the most extensively used method for controlling
automotive emissions.'® Much effort has been devoted to the design and development of effective
catalytic materials for the TWC process, and the catalysts explored contain a variety of metals that
include platinum group metals (PGMs) and other earth-abundant metals such as Fe, Ni, and Cu.*®
Although catalysts that contain these non-noble metal components have recently been intensively
studied, practical systems still need large amounts of PGMs, such as Pd, Rh, and Pt in order to meet
the very strict regulations for controlling exhaust gas emissions.'>-'*> Modern commercial three-way
catalysts generally consist of Pd- and Rh-based catalysts,'4'> and therefore, the design and
development of effective catalytic supports is necessary in order to maximize the activity of PGMs,
especially Pd and Rh.

Among various candidates for TWC supports, La-loaded Al.O3 (La/Al.O3) is one of the most well-
known and used industrial supports.! This is mainly due to its high specific surface area, mechanical
strength, and high thermal stability.’® Although Muraki and co-workers have reported the positive
effect on the catalytic reduction of NO, (DeNOy) caused by the addition of La on Al,Os-based supports
in the 1980s,'-'9 this research topic has not been pursued systematically in order to obtain
mechanistic insight into the effect of using La/Al,O3 supports on the TWC processes. The authors
argued that the addition of La (1) enhances the chemisorption of NOy, which in turn leads to the
selective reduction of NOy, rather than Oz and (2) suppresses the strong adsorption of hydrocarbons
(HC) on Pd, which results in an efficient reduction of NOx.""-2% It should be noted here that similar
promotional effects were observed upon addition of alkaline earth metals to the Pd-based catalysts.?'-
23 |t was also proposed by Muraki and co-workers that the high DeNOx activity of Pd-La,O3/Al,O3
under rich (reducing) conditions is due to the high catalytic performance of La oxides for steam-
reforming and water gas shift (WGS) reactions that produce Ha, leading to a facile reduction of NO by
the generated H..'"® Following these pioneering studies, Graham and Logan investigated the
chemisorption of NO on a Pd(100) surface with over-layers of La,0O3; and Al,03.23%* They reported that
at 300 K, NO partially dissociates on interfaces of Pd with La,O3 but not with Al.Os, suggesting that
La>O3 enhances the dissociative adsorption of NO on the Pd surface. Sekiba and coworkers also
observed that the introduction of La improves the TWC activity and attributed this higher activity to
suppression of the strong adsorption of HC.?5 Skoglundh and co-workers have studied the addition of
La to Pd/Al,O3 catalysts by a stepwise impregnation method, and observed a promotional effect of La
for the conversion of NO under reducing conditions.?® They proposed that this superior DeNOy activity
of the Pd/La/Al2O3 catalysts relative to that of Pd/Al,Os is caused by the formation of Pd-La oxides
that promote the reduction of NO by CO. These investigations represent seminal discoveries in this
research field. However, the fundamental understanding of the role of La addition in improving the

catalytic performance of La/Al,Os-supported Pd is still insufficient compared to its industrial



importance. Comprehensive studies are necessary to further understand the behavior of Pd catalysts
for TWC supported on La/Al,O3 supports. It should be pointed out here that most studies except the
aforementioned reports have focused on the effect of La on the stability of the support, and not on the
DeNOy activity. Therefore, the optimal La loading for industrial TWC processes is considered to be 3-
5 wt% given that the thermal stability is maximized for this loading amount.

Recently, we have studied the role of La in La(5)/Al.Os (La loading = 5 wt%) supports for Pd
catalysts (Pd/La(5)/Al,03) toward a NO—CO reaction,?” which is one of the model reactions for the
DeNOy chemistry.?82° The Pd/La(5)/Al203 catalyst, which contains a conventionally used amount of
La, was employed for this purpose. The obtained results show that the introduction of La significantly
enhances the catalytic activity toward the NO-CO reaction as a result of the efficient generation of
nitrite species on the catalyst surface, and their reactivity toward CO as a reactant. It should also be
informative to examine the role of La for TWC reactions under practical conditions, and it is anticipated
that a more effective loading amount of La could potentially be identified for the Pd/La/Al,Os-catalyzed
TWC reactions than that used for conventional industrial catalysts.

In this study, we have furthermore investigated the role of La in TWC process and the most
effective loading amount of La for TWC reactions; we discovered that a loading of 15 wt%, which is
higher than that for the conventional industrial catalysts (La = 3-5 wt%) optimized to retain the high
specific surface area, is highly effective for the TWC process. The developed -catalyst
(Pd/La(15)/Al,03) has been mounted in a commercial vehicle with a 1.5-L gasoline engine and
evaluated on a LA-4 mode test cycle for practical applications. The results of various kinetic and
spectroscopic studies, including in situ FT-IR, XAFS, and near ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) in combination with density functional theory (DFT) calculations, show that
Pd® species on the La/Al,O3; support are more electron deficient than Pd on Al,O3 in the absence of
La, which leads to a higher reactivity toward NO at low temperature and a suppression of the

poisoning effect of CO.



2. Experimental Section

Preparation of Materials and Catalysts

Commercially available y-Al,Os was used as the Al>O3 support, and the addition of La to the Al,O3
support was carried out as described in our previous study.?” An aqueous solution that contains
La(NOs)s was impregnated onto the AloO3 support. This was followed by drying at 120 °C for 2 h, and
subsequent calcination in air at 600 °C for 2 h to yield La(x)/Al.Os (x = La loading; x = 5, 15, 30 wt%).
Pd/La(x)/Al203 (x = 5, 15, 30 wt%) and Pd/Al,Os; were prepared according to the following
impregnation method: 5 g of La(x)/Al.O3 (or Al2O3) and 100 mL of an aqueous solution containing
Pd(NH3)2(NO3). (obtained from Kojima Kagaku) were added to a 500 mL glass vessel. The solution
was stirred for 15 min (200 rpm) at room temperature, before it was evaporated to dryness at 50 °C,
dried at 90 °C (12 h), and calcined in air at 300 or 500 °C (3 h). It should be noted here that the
average diameter of the Pd particles (determined by CO adsorption experiments) was adjusted to 3—
4 nm by optimizing the calcination temperature. Subsequently, the catalysts were prepared by H;
reduction of the calcined catalyst powders in a tube vessel under H; flow (20 mL/min) at 500 °C (0.5
h). Pd/Al,O3 was prepared in the same manner. Unless otherwise noted, the samples after the Ho
reduction were used for the various characterization experiments. Before each catalytic or in situ
spectroscopic experiment, the samples were reduced again under 10% Hz/He flow (100 mL/min) at
400 °C (0.5 h).

Monolithic honeycomb catalysts were generated by coating a slurry, which was prepared from
the calcined catalyst powders (1 wt% Pd), an inorganic binder, and water, onto a cordierite honeycomb
(25.4 mme x 50 mm, 400 cells/in?; NGK Insulators, Ltd.). This was followed by drying in air at 120 °C
for 1 h and subsequent calcination at 600 °C for 2 h. The thus prepared honeycomb catalysts
contained about 60 g L™ of coated catalyst powder, commensurate with a total Pd loading of 0.06 g/L.

Monolithic honeycomb catalysts were aged for 4 h at 1000 °C under hydrothermal redox
conditions, i.e., rich (reducing), lean (oxidizing), and stoichiometric atmospheres. The gas
compositions for rich (3% CO, 3% Hz, 10% H20, and N2 balance), stoichiometric (10% H>O and N
balance), and lean (3% O, 10% H2O, and N2 balance) atmospheres were applied with programmed
intervals of 180 s for rich, 10 s for stoichiometric, 180 s for lean, and 10 s for stoichiometric conditions.

The flow rate was set to 3 L/min, which corresponds to space velocity (SV) = 7,200 h™'.
Catalyst Characterization

X-ray diffraction (XRD) measurements were conducted using Cu-Ka radiation on a Rigaku Miniflex.
AUTOSORB 6AG (Yuasa lonics Co.) was used for the N2 adsorption measurements. Bright-field
scanning transmission electron microscope (BF-STEM) images and high-angle annular dark-field
STEM (HAADF-STEM) images were collected using a JEM-ARM200F microscope (JEOL). CO-

adsorption experiments were performed at -20 °C using BELCAT (MicrotracBEL). Temperature-



programmed reduction by Hz (H>-TPR) were carried out using BELCAT. For that purpose, samples
were mounted in a quartz cell and heated at a temperature gradient of 10 °C min-' under 5% Hj/Ar
flow (20 mL min™'). The gas was passed through molecular sieves (MS4A) in order to remove water.
A thermal conductivity detector (TCD) was used to detect the quantity of H.. 2’ Al magic angle spinning
(MAS) NMR measurements were carried out on a Bruker DSX-300 spectrometer operating at 300
MHz with a 4 mm rotor. XPS measurements were performed on a JEOL JPS-9010MC (MgKa).

Binding energies were calibrated with respect to C+s at 285.0 eV.
In situ IR

In situ IR measurements were performed at 200 °C using a JASCO FT/IR-4200 with a Mercury-
Cadmium-Telluride (MCT) detector. Samples (40 mg) were pressed to make pellets (¢ = 20 mm),
which were placed in the quartz IR cell having CaF, windows connected to a gas flow system. The
pellets were heated under a flow of 10% Hz/He (100 mL min') at 400 °C for 0.5 h prior to the
measurements. After cooling to 200 °C under the He flow, 1.0% NO/He was introduced for 600 s,
before the gas was switched to He in order to allow the residual NO gas to exit. A reference spectrum,

recorded at 200 °C under a flow of pure He, was subtracted from each measured spectrum.
(In situ) XAFS

La K-edge XAFS spectra were recorded in transmittance mode at the BL14B2 beamline (operated at
8 GeV) of SPring-8 with a Si(311) double crystal monochromator (proposal 2018A1757). Samples
were sealed in polyethylene cells in air, and the spectra were measured at room temperature. The
EXAFS analysis was carried out using the REX ver. 2.5 program (RIGAKU). The Fourier
transformation of the k3-weighted EXAFS was carried out over a k range of 3—-12 A-1. The curve-fitting
analysis was performed using the REX ver. 2.5 program and the parameters for each shell were
provided by FEFFG.

In situ Pd K-edge XAFS spectra were measured in transmittance mode at the BL14B2 beam line
of SPring-8 with a Si(311) double crystal monochromator (proposal 2018B1768). A high-sampling-
rate TCD GC (490 Micro GC; Agilent Technologies Inc.) was used for the quantitative analysis of NO,
CO, N20, and N2. A mass spectrometer (BELMass; MicrotracBEL Corp.) was used to monitor the
eluent gas. 400 mg of the samples (Pd/Al,O3 or Pd/La(15)/Al203) in pellet form (¢: 10 mm) were
introduced into a quartz cell with Kapton film windows and gas lines connecting to the GC. The catalyst
was pretreated under 5% Hz/He flow (200 mL min-") at 400 °C for 0.5 h, followed by cooling to 200 °C.
Subsequently, 0.5% NO/He, 0.5% CO/He, and 0.5%N0O+0.5%CO/He (800 mL min-') were introduced
into the cell for 30 min (10 min intervals of He purge between each gas). The SV for the in situ Pd K-
edge XAFS measurements was ~ 30, 000 h-'. The EXAFS analysis was carried out as described

above.

NAP-XPS



NAP-XPS experiments were conducted at the beamline 13B of the Photon Factory (PF) at the High
Energy Accelerator Research Organization (KEK).3° A powder Pd/La(15)/Al;O5 catalyst with a Pd
loading amount of 20 wt% was used for ease of the experiments. The promotion effect of La was
confirmed for this high-Pd-loading sample by carrying out NO—CO reactions (Figure S1). The powder
catalyst, which was reduced under 10% Hz/He flow (100 mL min-') at 500 °C for 0.5 h, was once
dispersed in deionized water and deposited on a Si substrate by a drop-and-dry method. The prepared
substrate was then introduced into the XPS chamber. A K-type thermocouple was directly attached to
the sample to measure the operating temperature. Prior to the measurement, the sample pellet was
pretreated again under a CO atmosphere at 400 °C for 0.5 h. For safety reasons, CO was used as a
reducing gas instead of H.. After cooling to 50 °C, NO (100 mTorr) was introduced and the spectra
were measured. All core-levels (Al 2p, C 1s, Pd 3d, N 1s) measurements were recorded continuously
using a fixed photon energy (550 eV). Calibration of the binding energy was carried out using the Al
2p level (74.3 eV). The obtained XPS intensities were normalized in order to remove the effect of
attenuation caused by the introduced gases. XPS spectra were analyzed using the software “fitt” by

convolution of the Lorentzian and Gaussian functions with a linear background.
Catalytic Reactions

Catalytic reactions on the powdered catalysts were carried out in a flow reactor. 15 mg of the catalyst
was placed in a reactor using quartz wool in the catalyst bed. After the reduction of the catalyst under
10% H/He flow (100 mL min?) for 0.5 h, the catalyst was cooled to 125 °C and the catalytic NO—CO
reaction was started by supplying a gas mixture containing CO (0.5%) and NO (0.5%), as well as He
balance at 100 mL-min* (W/F corresponds to 1.5x10* g-min-cm=3). Conversions and yields of the
gasses were determined by GC analysis (Shimadzu GC-8A with a SHINCARBON ST column). The

yields were calculated based on the following equation.
NO + CO — 0.5 N2 + CO2 (1)

Catalytic reactions on the honeycomb form catalysts were carried out in a flow reactor using
MEXA-series (Horiba Ltd.). The catalysts were placed in a tubular-type reactor, and their catalytic
performance was investigated by supplying a gas mixture typically containing 0.6% CO, 420 ppm
CsHs, 0.2% Ha, 0.1% NO, 0.6% O, 15% CO-, 10% H-0, and N; balance (A = 1) at SV = 100,000 h™".
Conversions of NO, CsHs, and CO were monitored by using an exhaust gas analyzer (ABB, AO-2020).
Before each catalytic activity test, the honeycomb catalyst was pre-treated under a flow of the
aforementioned gas at 400 °C for 0.5 h. The A values were calculated using the following equation

(see Tables S1 and S2 in the Supporting Information for further details on the gas compositions).

02+ 0.5CO + 0.5H20 + CO2+ 0.5NO
0.5H2 + CO + 1.5C3Hs+ 0.5H20 + CO>

A= (2)



Practical tests using a commercial vehicle were carried out as follows. The catalysts
(Pd/La(15)/Al,03 or Pd/La(5)/Al>03) were used in a Pd-Rh three-way catalyst with a double-layered
structure. The Pd and Rh catalyst washcoats were coated on a 1.0-L ceramic monolith with a cell
density of 600 in-2.3! The bottom layer consisted of Pd supported on a washcoat of the La(x)/Al.O3 (x
=5 or 15 wt%), a Ce-Zr mixed oxide, and Ba carbonate. The washcoat loading of the bottom layer
was ~150 g/L with a Pd loading of 3 g/L. The top layer consisted of Rh supported on a washcoat of
another Ce-Zr mixed oxide and La(5)/Al.Os. The washcoat loading of the top layer was ~60 g/L with
a Rh loading of 0.3 g/L. The thus prepared three-way catalysts were bench-aged using a 1.8-L
gasoline engine with a peak temperature of 950 °C for 75 hours. The aged catalysts were mounted
in a commercial vehicle with a 1.5-L engine, and the vehicle emission test of LA-4 driving cycle (city
cycle of US Federal and California) were conducted. The concentrations of NOx (NO + NO,), CO, and
the total hydrocarbons (THC), as well as the catalyst-bed temperature and air-to-fuel ratio (AFR) were

monitored by employing a Horiba MEXA series.

DFT calculations

All spin-polarized calculations were conducted using Vienna Ab Initio Simulation Package (VASP),3233
using projector-augmented wave potentials3* and the Perdew-Burke-Ernzerhof (PBE) functional.3®
The DFT-D3 method with Becke-Johnson damping dispersion correction was employed to take into
account the dispersion interaction.3¢3” The original y-Al,O3(100) surface structure was modelled
according to a previous study by Raybaud and co-workers (Figure S$2).3 The structural model
contains a (2 x 2) supercell, a four-layer-thick slab, and 10 A of vacuum with 160 atoms (lattice
parameters for the surface: a = 10.97 A, b=16.54 A). The slab model was calculated with 2 x 1 x 1
k-points mesh and an energy cutoff of 400 eV. The (100) surface was employed in this study because
it is the most stable surface for y-Al,Os. The first two layers of y-Al,O3 relative to the surface were
allowed to relax for the geometry optimization, while the two bottom layers were fixed. The criterion
of the convergence was set to Frax < 0.03 eV/A, where Frnax is the maximum force that acts on the
mobile atoms. For Pds; clusters, the new biplanar (NBP) model was employed.3® The adsorption

energy of Pdq3 on the alumina support (Eads) can be calculated according to:
E.gs = E(Pd13/Support) - E(Pd13) - E(Support) (3)

where E(Pd3/Support), E(Pd13), and E(Support) refer to the electronic energy of the supported system,
the Pdi3 cluster, and the support slab without the Pdis cluster, respectively. In addition, interaction

energies of the Pd1s clusters and the alumina support are defined by:
Eint = E(Pd1s/Support) - E(Pd13’) - E(Support’) 4)

where E(Pd+3’) is the energy of the Pd+; cluster having the deformed geometry after its adsorption on



the support surface, and E(Support’) is the energy of the surface fragment having the deformed
geometry after adsorption of the Pd1s cluster. Deformation energies are defined by the following Egs.
(5) and (6) for the support and the Pds cluster, respectively. They enable quantifying the influence of
the shape adaptation on the adsorption event. Egs. (7) and (8) describe the total deformation energy,

which links the adsorption, interaction, and deformation energies.

Edet_support = E(Support’) - E(Support) (5)
Edet_pa1s = E(Pd13’) - E(Pd13) (6)
Eqes total = Edef_support + Edef Pd13 (7)
Eads = Eint + Edet total (8)

Bader charge analyses were carried out on the same system.



3. Results and Discussion

Catalysts Characterization

The preparation conditions and the average Pd particle diameters for the Pd/Al,O3 catalyst and a
series of Pd/La(x)/Al0O3 (x = 5, 15, 30 wt%) catalysts used in this study are summarized in Table 1.
It should be noted here that some information and data for Pd/Al>Oz and Pd/La(5)/Al.O3z were taken
from our previous report.?’” Catalysts containing Pd particles with an average diameter of 3—4 nm were
prepared by optimizing the calcination temperature prior to the H, reduction process. Powder XRD
patterns of the Pd/La(x)/Al.O3 catalysts show peaks assignable to y-Al,O3 (Figure S3A).?” This result
indicates that all the Al,Oz and La(x)/Al.Os supports used in this study are mainly comprised of the y-
AlLO3 phase.?” However, the peak intensities decreased for samples containing higher proportions of
La, indicating that these are of lower crystallinity compared to pristine y-AlO3. Peaks assignable to
La,Os, LaAlOs, or Pd species were not observed.?” The 2’Al MAS NMR spectra (Figure S3B) of all
catalysts exhibit two features at approximately 13 and 73 ppm, which were attributed to AlI** cations
in octahedral and tetrahedral coordination environments, respectively.®®-4! Pentacoordinated Al
species that are typically observed at 35-40 ppm were not observed in our experiments. Reference
compound LaAlO; exhibited only one peak at 12 ppm, indicating that it contains exclusively Al species
that are octahedrally coordinated by oxygen. These ?’Al MAS NMR results are consistent with the
XRD results, and thus corroborate that our catalysts are comprised predominantly of the y-Al>Os
phase. N. adsorption isotherms are given in Figure S3C. The BET specific surface areas (Sger) of
the Pd/Al,O3; and Pd/La(x)/Al,O3 catalysts are summarized in Table 1. The Sger gradually decreased
with increasing La loading. XPS analyses were carried out for La(15)/Al.03; and LaAlOs, as shown in
Figure S3D. The XPS spectra exhibit signals that correspond to 3ds;, and 3ds, core levels and their
satellite peaks.?”#? La(15)/Al,03 shows the main 3ds, peak at ~834.3 eV, which is higher than those
seen in the spectrum for LaAlO3 (~833.4 eV) and La,O3 (~833.9 eV),?” suggesting that the La species
in La(15)/Al,03 are well dispersed.?’4243 H,-TPR profiles of Pd/Al,Os;, La(15)/Al,0s;, and
Pd/La(15)/Al>03, which were measured under a 5% Hj/Ar flow (30 mL/min), are shown in Figure S4.
The peak assignable to the reduction of PdOx species at ca. 150 °C shifted to higher temperatures
upon introduction of La in the support. This observation indicates that the introduction of La prevents
the reduction of PdOx species.

Table 1. Preparation conditions and textual properties of Pd/Al,O3; and Pd/La(x)/Al.Os.

Catalyst Tcalcination / “C TH2 reduction / 'C~ Sger® / m? g Pd particle diameter® / nm
Pd/Al,O5° 500 500 156 3.4
Pd/La(5)/Al,03° 500 500 148 3.1
Pd/La(15)/Al,05 500 500 129 3.7
Pd/La(30)/Al.03 300 500 74 3.8

2 Determined by N, adsorption. ? Estimated by CO adsorption at -20 °C. ¢ The information and data
for Pd/Al,O3; and Pd/La(5)/Al,O3 were taken from our previous report.?’
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La(15)/Al,0s and Pd/La(15)/Al,Os were subjected to HAADF-STEM measurements. La in
La(15)/Al,03 is atomically dispersed, as shown in Figures 1 and S5. This result is consistent with
earlier findings for a similar La/Al,O3 system.?”44-47 Moreover, the obtained images show that Pd
nanoparticles in Pd/La(15)/Al.O3 exhibit an average particle size of 3—4 nm. The results of the La K-
edge XAFS analysis for the Pd/La(x)/Al,0; samples (x = 15 and 30 wt%) and their reference
compound (LaAlOs) are shown in Figure S6. LaAlOs is a perovskite material with a cubic structure.
The first coordination environment around La consists of 12 O atoms with the same distance.** The
EXAFS Fourier transform for LaAlOs shows La—Al and La—La at approximately 2.9 and 3.5 A,
respectively. For the Pd/La(x)/Al.Os (x = 15, 30 wt%) samples, two peaks were observed at ca. 1.2
and 2.0 A. It has been reported that the peak at 2.0 A is due to La—O bonds, while the smaller peak
arises from a side lobe of the La—O bonds due to the nonlinearity of their phase shifts.** The same
feature was observed for Pd/La(5)/Al,O3 (data not shown).?” A curve-fitting analysis of the EXAFS
spectra is summarized in Table S3, which shows that the spectra of all Pd/La(x)/Al.O3 samples
comprise only one La—O contribution. These results suggest that La is highly dispersed, which is in
accordance with the aforementioned results of the XRD, XPS, and STEM measurements.

Pd K-edge XAFS measurements for Pd/Al,O3; and Pd/La(15)/Al.O3 (Figure 2 and Table 2) were
carried out under a flow of 5% H/He at 200 °C after H, reduction at 400 °C. EXAFS Fourier transforms
of Pd/Al03; and Pd/La(15)/Al,O; showed only one distinct peak, which corresponds to the Pd—Pd
bonds, indicating that the Pd species in Pd/Al,Oz; and Pd/La(15)/Al,Os are in metallic states. On the
other hand, the XANES spectra showed that the edge position for Pd/La(15)/Al>Os is slightly positively
shifted compared to that of Pd/Al,Os, even though their Pd particle sizes are almost identical.

To further study the electronic properties of Pd on the La-modified Al,Os; surfaces, DFT
calculations were employed. We modelled Las-Al.O3 by substituting five superficial Al atoms with La
atoms. For the choice of the substituted Al atoms, we examined all possible permutations of
substitution and confirmed that the chosen model is the most stable. The optimized structures for
Pd13/Al,03, Las-Al,O3, and Pdis/Las-Al,O3 are shown in Figure S7. For Pd13/Al;Os3, Edet pd13, Eads, and
Eint values of 1.45, -5.60, and -7.05 eV, respectively, were determined. For Pdis/Las-Al.O3 on the other
hand, we determined values of 1.24, -6.05, and -7.29 eV. These results show that the addition of La
could potentially lead to a stabilization of Pd on the support. Moreover, we calculated the average
Bader charge of Pdis for Pdi3/Al,O3 (-0.036) and Pdis/Las-Al,O3 (-0.015), which indicates that Pd°®
species on La/Al,Os is more electron deficient than Pd on pristine Al,Os. This result is in consistent

with the aforementioned results of the Pd K-edge XAFS measurements.
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Figure 1. HAADF-STEM images of Pd/La(15)/Al;Os.
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Figure 2. In situ Pd K-edge (A) XANES spectra and (B) k3-weighted EXAFS Fourier transforms of
Pd/Al,O3, Pd/La(15)/Al03, Pd foil, and PdO. The spectra of Pd/Al,Os and Pd/La(15)/Al.Os were
collected under a flow of 5% H./He (200 mL/min) at 200 °C after H, reduction at 400 °C. The spectra
of Pd foil and PdO were collected at room temperature in air.

Table 2. Curve-fitting analysis of the Pd K-edge EXAFS of Pd/Al,O3; and Pd/La(15)/Al,0s.

Sample Shell CNa RA)P oA)c° Rt (%) @
Pd/Al,O3 Pd-Pd 3.1 2.67 0.11 1.1
Pd/La(15)/Al,03 Pd-Pd 3.3 2.67 0.10 1.1

a Coordination number. ® Bond distance. ¢ Debye-Waller factor. ¢ Residual factor.
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Promotional effect of La on the NO reduction activity

NO-CO reactions with a powdered sample of Pd/La(15)/Al.O3; were performed as shown in Figure
3A. It should be noted here that the relative quantities refer to the reactants (NO and CO) and were
obtained from eqn. (1). Pd/La(15)/Al.Os shows a higher catalytic activity than Pd/Al;03; and a
comparable activity to Pd/La(5)/Al.O3 (NO conversion at 150 °C = 33.6% for Pd/La(15)/Al.O3 and
36.2% for Pd/La(5)/Al,03).2” This result confirms that La addition onto Al,Os affects not only the
stability, but also the catalytic activity in the NO—CO reaction.?” In order to further investigate the role
of La in the NO-CO reaction, reaction orders with respect to NO and CO were determined for
Pd/La(15)/Al,03 and Pd/Al,O3 from the steady-state reaction rate in a stream of NO and CO with
different partial pressures (Figure 3B). It should be noted that the reaction rates were determined at
an NO conversion < 30%. Reactions involving CO are often of negative order with respect to CO.46:48
The strong binding of CO to the metal surface is usually commensurate to catalyst inhibition, i.e., CO
acts as a catalyst poison that needs to desorb prior to the reaction, which in turn leads to negative-
order kinetics for such reactions on PGMs. This phenomenon was also observed for Pd/Al,O3, where
the reaction order with respect to CO is -0.28, indicating that CO acts as a poison for Pd. Conversely,
for Pd/La(15)/Al.03, the reaction order with respect to CO is positive (+0.35), which indicates that CO
is not a catalyst poison for Pd/La(15)/Al>03. Similar behavior was observed by Datye and co-workers
for the oxidation of CO with O over a Pd (2.5 wt%) catalyst supported by La/Al,O3 (4 wt% LaxOs; W.
R. Grace (MI-386)).4¢ They attributed this to single atom nature of the Pd species. In addition, it is well
known that the n back-donation from the transition metal surface to the adsorbate CO strongly
contributes to the adsorption strength.4%%9 This contribution is weakened when Pd is positively
charged, thus leading to a weaker adsorption of CO. Consequently, CO does not act as a catalyst
poison for Pd/La(15)/Al,03. We have also examined the adsorption energy of CO by using DFT
calculations (Figure S8). The adsorption energy of CO on Pdi3/Las-Al2O3 (Eags = -2.18 eV for a hollow
site and -1.62 eV for an ontop site) are smaller than those on Pd+3/Al,O3 (Eags = -2.40 eV for a hollow
site and -2.24 eV for an ontop site). It should also be noted here that the most stable structures were
employed for this investigation for each model and adsorption site. This result also suggests that the
addition of La leads to a weaker adsorption of CO. The reaction orders with respect to NO over
Pd/La(15)/A1;03 (+0.43) and Pd/Al,Os; (+0.83) showed a value for Pd/La(15)/Al,03 that is in
accordance with the results obtained by the in situ IR spectroscopy reported in our previous study,?”
which suggests that the promotional effect of La arises from the efficient generation of nitrite species

on the catalyst surface and from their reactivity toward CO.
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Figure 3. (A) Catalytic NO-CO reaction over a powdered sample of Pd/La(15)/Al>,O3. Conditions: 0.5%
CO, 0.5% NO, He balance; Catalyst weight = 15 mg. (B) Partial pressure dependence of the
conversion rate of NO and the reaction order in the NO-CO reaction over powdered samples of
Pd/La(15)/Al,03 and Pd/Al,O3 at 150 °C. Conditions: 0.05-0.5% CO, 0.05-0.5% NO, He balance.

In order to get further insights into the effect of La on the reactivity of Pd/AlLO; and
Pd/La(15)/Al,03 toward NO, in situ Pd-K edge XAFS measurements were carried out under a flow of
NO, CO, NO+CO at 200 °C after H, reduction at 400 °C.5" For that purpose, 0.5% NO/He, 0.5%
CO/He, and 0.5%N0O+0.5%CO/He (800 mL min-') were introduced consecutively into the cell (30 min
for each gas). The SV for the in situ Pd K-edge XAFS measurements was ~ 30,000 h-'. Figure 4
shows the corresponding XANES and the FT of the k3-weighted EXAFS (without correction of the
phase shift) of Pd/Al,O3; and Pd/La(15)/Al.Os; measured under a flow of 0.5% NO/He. The XANES of
Pd/La(15)/Al.0O3 show that the absorption edge shifts to higher energy upon introduction of NO. The
FT of the k3-weighted EXAFS spectra show that a peak corresponding to Pd—Pd (ca. 2.5 A) decreased
while a peak corresponding to Pd—O (ca. 1.6 A) increased, indicating that Pd is oxidized by NO. During
that event, N.O was formed over the Pd/La(15)/Al,03 catalyst as detected by the high-sampling-rate
thermal conductivity detector GC (Figure 5A). The Pd° fraction (Pd%/(Pd°+Pd")), derived from the
linear combination fitting on the XANES analysis, also showed the original Pd species was oxidized
by the introduced NO (Figure 5B). The Pd° fraction 30 min after the introduction of NO was
determined to be 0.58. Subsequently, the partly oxidized Pd species were reduced by the introduction
of CO and the Pd species adopted an almost metallic state (Pd® fraction = 0.86) 30 min after the

introduction of CO. It should be noted here that the formation of CO; was detected upon introduction
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of CO. Moreover, the Pd species remained almost unchanged under a flow of 0.5%N0O+0.5%CO/He
gas, and N2O, N2, and CO, were detected as the gas-phase products. The coordination numbers for
the Pd—Pd shells (CNpq-rq) Were obtained from a curve-fitting analysis of the EXAFS (Figure 5C). The
CNpg_pg values decreased under a flow of NO, while a subsequent introduction of CO led to an
increase of the CNpy_py, Which is consistent with the results of the XANES analysis. These results
indicate that the Pd species undergo a redox cycle in the presence of NO as an oxidizing gas and in
the presence of CO as a reducing gas during the NO-CO reaction. A comparison with Pd/Al,O3
revealed the same redox behavior of the Pd species upon introduction of the reactant gasses. The
changes to the Pd° fraction upon introduction of NO was smaller than that observed in Pd/La(15)/Al20s,
suggesting that the presence of La induces efficient oxidation of Pd by NO. On the other hand, the
CNpg-pq value for Pd/Al,O3 was smaller than that for Pd/La(15)/Al.O3. We also discovered that the
Pd-O contribution did not appear in the FT of the k3-weighted EXAFS spectra of Pd/Al,O3. These
results suggest that metallic Pd species were oxidized for Pd/Al,O3 upon introduction of NO, albeit
that PdO species were not formed, which stands in contrast to the case of Pd/La(15)/Al20s. This could
potentially be interpreted in terms of the highly dispersed nature of the Pd species on the Al,O3 support
without La after the NO treatment for 30 min. In order to establish conditions identical to those in the
XAFS analysis, we exposed Pd/Al,Os to a flow of 0.5% NO/He at 200 °C, and subsequently recorded
HAADF-STEM images (Figure 6). Although only Pd nanoparticles were observed for the fresh
Pd/Al,O3; sample, highly dispersed Pd species including individual Pd atoms were observed for the
sample after the NO treatment. As such highly dispersed Pd species should not form PdO species
with definite Pd—O bonds, the Pd—O contribution did not appear for Pd/Al,Os. This interpretation would
imply that La stabilizes the supported Pd particles. It is worth mentioning here that Cargnello and co-
workers have recently reported similar phenomena for Pd/Al,O3 catalysts during the catalytic oxidation
of methane.®? The authors have reported that the supported Pd nanoparticles lose activity for the

oxidation of methane by decomposition into inactive single atoms.
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Figure 4. In situ Pd K-edge XANES spectra and k3-weighted EXAFS Fourier transforms of
Pd/La(15)/Al>03, performed under a flow of 0.5% NO/He (800 mL/min) at 200 °C after H» reduction at
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Figure 6. HAADF-STEM images of Pd/Al.O3 before and after exposure to a flow of 0.5% NO/He at
200 °C.

Subsequently, temperature-programmed surface reactions (TPSRs) were conducted in order to
gain further insight into the reactivity of Pd/La(15)/Al.O3 and Pd/Al,O3 toward NO (Figure 7). After the
pretreatment with Hy, the catalyst was exposed to 0.5 % NO/He flow for 10 min at 40 °C. After purging
under He for 30 min, the catalyst was then heated to 500 °C in a flow of He (10 °C min'), and the
gas-phase products were monitored by mass spectrometry. Although no obvious signals due to
products such as N2O and N, were observed below 100 °C over Pd/Al,O3, Pd/La(15)/Al.O3 produced
N2O even below 100 °C, which corroborates the notion that the presence of La induces higher
reactivity of Pd toward NO at lower temperature. Figure 8 shows the in situ IR spectra of species
adsorbed on Pd/La(15)/Al203, Pd/Al,O3, and La(15)/Al.O3 after the introduction of NO at 50 °C.
Various kinds of adsorbed NOy species appear in the 1100-1800 cm' region after the introduction of
NO.?" Specifically, peaks that were attributed to nitrite arise at ca. 1192 and 1230 cm™.2"53 The
intensities of these absorption peaks over Pd/La(15)/Al.O3 are much higher than those observed over
Pd/Al,QOs, indicating that higher amounts of surface nitrite species are generated over Pd/La(15)/Al.0s.

Also, these peaks were virtually negligible over La(15)/Al;0s, i.e., in the absence of Pd nanoparticles,
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indicating the importance of the combination of Pd nanoparticles and La(15)/Al.O3 as a support. The
absorption bands at ca. 1293 cm' can be assigned to both nitrates and nitrites.?”:53 The bands in the
1300-1650 cm" region appeared due to the presence of a variety of nitrate species with different
adsorption modes.?”%4% The bands in the 1600-1800 cm™ region were assigned to free nitrate
ions?”%3 and/or to Pd-adsorbed NO.27:%3%6 The combined results of the NO-TPSR and the in situ IR
spectroscopy suggest that the disproportionation reaction of NO over Pd/La(15)/Al.O3 affords nitrous

oxide and nitrite even at low temperatures (< 100 “C).
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Figure 7. NO TPSR experiments for Pd/La(15)/Al,03 and Pd/Al,Os. After the pretreatment with Ho, a
catalyst was exposed to 0.5 % NO/He flow for 10 min at 40 °C. After purging in He for 30 min, the
catalyst was heated to 500 °C in a flow of He (10 °C min-").
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Figure 8. In situ IR spectra of species adsorbed on Pd/La(15)/Al,0s, Pd/Al,O3, and La(15)/Al.03 at
50 °C. Spectra were recorded under He flow after the NO feed.

In order to obtain further insights into the NO-activation process over Pd/La(15)/Al.03, NAP-XPS
measurements were carried out. For this purpose, a powdered sample of a high-Pd-loaded
Pd/La(15)/Al,0O3 catalyst (Pd loading: 20 wt%), for which the promotional effect of La was confirmed
by NO-CO reactions (Figure $1), was used for ease of the experiments. It should be noted here that

the average Pd particle size for this Pd/La(15)/Al>O3 catalyst was determined to be 12.2 nm by a CO-

18



adsorption measurement at -20 °C. After the pretreatment, the sample was cooled to 50 °C, and
subsequently, NO (100 mTorr) was introduced. Figure 9 shows an XPS spectrum of the N 1s region
for Pd/La(15)/Al03, measured under an NO atmosphere (100 mTorr). The spectrum of the NO-
adsorbed Pd/La(15)/Al,03 contains four peaks at ca. 404, 401, 398, and 393 eV, which can be
assigned to the surface-adsorbed nitrite (NO2), molecularly adsorbed NO species (NO.q4), atomic
nitrogen (Nag), and NO species bound on the Si substrate, respectively.5”-*® The presence of the peak
associated with Nag indicates that NO is dissociated over Pd/La(15)/Al,03 even at 50 °C. We also

confirmed that the nitrite species is formed in accordance with the results of in situ IR study.

XPS signal
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Figure 9. N 1s XPS spectrum of Pd/La(15)/Al.O3 (Pd loading: 20 wt%), measured upon exposure to
NO (100 mTorr) at 50 °C. Navy dots: raw spectrum; red line: sum; blue line: surface-adsorbed nitrite
(NO2); green line: molecularly adsorbed NO (NO4q); yellow line: atomic nitrogen (Nag); purple line: NO
species bound on the Si substrate; grey line: background.
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Three-way catalytic reactions using monolithic honeycomb catalysts

Results of TWC light-off tests over monolithic honeycomb forms of Pd/La(x)/Al.Os; (x = 0, 5, 15, 30
wt%) catalysts are shown in Figure 10. The catalytic performances were evaluated in light-off mode
under 1-Hz perturbated gasses between A = 0.95 and L = 1.05 at SV = 100,000 h-'. Gas mixtures
used for this test contained 0.6-2.4% CO, 420 ppm C3Hs, 0.2% H2, 0.1% NO, 0.6-1.65% O2, 15% COs,
10% H20, and N2 balance. It should be noted here that the honeycomb catalyst was pre-treated under
a flow of the aforementioned gas at 400 °C for 0.5 h prior to each catalytic activity test. The conversion
of NO, CO, and CsHes, which was continuously monitored, showed that the efficiency of
Pd/La(15)/Al.03 to remove these gasses was higher than that of Pd/Al.Os, indicating that La efficiently
promotes the TWC reaction. In addition, the activity of Pd/La(15)/Al203 was comparable or slightly
higher for the conversion of NO than that of the conventional Pd/La(5)/Al,Os catalyst. We also
observed that Pd/La(30)/Al,03 exhibited lower activity for the TWC process, which demonstrates that
an overloading with La is ineffective. Furthermore, the durability of these catalysts was studied using
aged catalysts (for procedural details, see the Experimental Section). This is a highly important
investigation, as in practice, catalysts are exposed to very harsh conditions, which they should ideally
withstand for a long time. Although their activity decreased by the aging treatment, the aged
Pd/La(15)/Al0s monolithic honeycomb catalyst still exhibited better performance than the other
catalysts. This result suggests that Pd/La(15)/Al.Os, whose La loading is higher than that for the
conventionally used industrial catalysts (La = 3—5wt%) optimized to keep high specific surface area,

could potentially serve as a highly effective promoter for TWC processes even after hydrothermal

aging.
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Figure 10. NO, CO, and CsHs conversions for TWC light-off tests over the fresh and aged
Pd/La(x)/Al,0O3-coated honeycomb catalysts (x = 0, 5, 15, 30 wt%) under 1-Hz perturbated gasses
between A = 0.95 and A = 1.05. Heating rate: 25 °C/min; Gas: CO (2.4-0.6%), CsHs (420 ppm), H>
(0.8%), NO (0.1%), O2 (0.6-1.65%), CO2 (15%), H20 (10%), N2 balance; SV = 100,000 h-'.

The catalysts, after aging at 1000 °C for 4 h, were also characterized by XRD and N, adsorption
techniques (Figure 11). It should be noted that the powdered catalysts were subjected to the aging
treatment and analyzed for this purpose. Powder XRD patterns of the Pd/La(x)/Al.Os (x =0, 5, 15, 30
wt%) catalysts after aging at 1000 °C for 4 h (Figure 11A) show peaks assignable to LaAlOs in the
diffraction patterns of Pd/La(15)/Al.Os; and Pd/La(30)/Al.O3, whereas these peaks were virtually
negligible for the conventionally used catalyst Pd/La(5)/Al.Os. Peaks due to La>Os, PdsLa alloy, or
La,PdO; were not seen in any of the XRD patterns.>% Sger values for the aged catalysts were
determined from Nz-adsorption isotherms and are summarized in Figure 11B together with those of
the fresh samples. Pd/La(5)/Al,Os retained the highest Sger value after hydrothermal aging; this is
consistent with previous studies on the La/Al,O3 system, which focused on retaining high surface

areas for their designated purpose as TWC supports.
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Pd/La(x)/Al203(x = 0, 5, 15, 30 wt%). Sget for fresh Pd/Al.O3; and Pd/La(5)/Al.O3 were taken from our

previous report.?’

La K-edge XAFS measurements were carried out to further examine the local structure of La after
hydrothermal aging (Figure S9). The results of a curve-fitting analysis of the EXAFS are summarized
in Table S4. Pd/La(5)/Al,03 revealed only two peaks at ca. 1.2 and 2.0 A, even after aging. Again, the
peak at 2.0 A is due to the La—O bonds, while the other smaller peak is a side lobe of La—O due to
the nonlinearity of their phase shifts.** A curve-fitting analysis showed that Pd/La(5)/Al,O3; contains
only a La—O contribution after hydrothermal aging at 1000 °C. In contrast, La—Al and La—(O)-La
contributions, which appear at ca. 2.9 and 3.5 A in the EXAFS Fourier transforms, respectively, were
observed for Pd/La(15)/Al03 and Pd/La(30)/Al.O3 after hydrothermal aging. Curve-fittings with both
La—0O and La—-Al afforded better fits. These results indicate the formation of LaAlO; for Pd/La(15)/Al.03
and Pd/La(30)/Al;03 after hydrothermal aging at 1000 °C for 4 h. This result is in agreement with
those of the aforementioned XRD measurements.

Figure S10 compares the conversion of NO, CO, and C3Hs at 300 °C of the studied honeycomb
catalysts in the range A = 1.05-0.95. The conversions were recorded after keeping each lambda
condition for 1 min in order to examine the steady-state catalytic activity under these conditions. The
conversion of NO occurred efficiently in the rich region (0.95 < A < 1), where excess reducing gasses
are present. We observed that Pd/La(15)/Al.O3 exhibited high NO-removal efficiency and its activity
is comparable to Pd/La(5)/Al,0s throughout the A range tested in this investigation. On the other hand,

the conversion of CO and CsHe reached more than 80% in the lean region (1 < A < 1.05), where
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oxidation processes are preferred in the presence of excess O,. Pd/La(15)/Al.03 and Pd/La(5)/Al,03
showed higher activity than Pd/La(30)/Al,O0s and Pd/Al,Os, which is consistent with the
aforementioned investigations and demonstrates that i) La promotes the TWC process and that ii) an
overload of La has a negative effect. It should also be noted here that Pd/La(5)/Al,Os exhibited a
slightly higher catalytic activity than Pd/La(15)/Al.O3 for the conversion of CO and CsHe.

Under realistic TWC conditions, the A value fluctuates between low (rich) and high (lean) values.®’
Itis thus highly important that the TWC catalysts can operate and efficiently remove the exhaust gases
under such transient conditions and are able to follow the rapid changes of the A conditions. Therefore,
we investigated the A-switching performance for NO, CO, and C3Hs on the honeycomb model
catalysts (Figure 12). We started the investigation under lean conditions (A = 1.05), before we
switched to rich conditions, and finally changed again to lean conditions. It should be noted here that
there are detection delays, which are due to the experimental setup (1.0 s for NO and 3.2 s for CO
relative to CsHg). During the first change from lean to rich, the NO conversion over Pd/Al,O3 occurred
faster than over the other catalysts, including Pd/La(15)/Al.Os. In contrast, for the subsequent change
from rich to lean, a high NO conversion was retained the longest over Pd/La(15)/Al;Os. In addition,
the NO conversion over Pd/Al;O3 gradually decreased under rich conditions, suggesting that CO acts
as a poison for Pd as observed for the NO-CO reaction. These results indicate that the promotional
effect of La i) is particularly effective under rich conditions, and ii) can be ineffective under lean

conditions as Pd on La(15)/Al203 is more difficult to reduce than Pd on Al>O3 without La.
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Figure 12. Lambda-switching performance for NO, CO, and CsHs on the honeycomb model catalysts
formed by coated Pd and alumina support materials upon lambda jumps (A = 1.05-0.95). The time
variation of the conversion rate was recorded with a data collection rate of 10 Hz. It should be noted
here that there are detection delays due to the experimental setup (1.0 s for NO and 3.2 s for CO
relative to CsHs).
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Finally, practical tests using a commercial vehicle were carried out in order to confirm the
applicability and potentially superior performance of Pd/La(15)/Al>03 relative to the conventionally
used catalyst Pd/La(5)/Al;Os. For this purpose, Pd-Rh three-way catalysts with a double-layered
structure containing either Pd/La(15)/Al.O3 or Pd/La(5)/Al,Os were prepared and bench aged for 75
h using a 1.8-L gasoline engine with a peak temperature of 950 °C. Subsequently, the catalysts were
mounted in a commercial vehicle with a 1.5-L engine and evaluated according to the vehicle emission
test of the LA-4 driving cycle. Figure 13 shows the accumulated and transient emissions of NOy, CO,
and the total HC monitored at the tailpipe, as well as the AFR, and the catalyst-bed temperature
together with the associated vehicle speed. Figure 14 shows the corresponding transient emissions
during the selected period (700-1000 s) for clarity. We observed that NOy is mainly emitted during the
acceleration of the vehicle for both practical tests. On the other hand, CO and HC are emitted during
the deceleration of the vehicle, i.e., under AFR-rich conditions (AFR < 14.6) just after an excessive
intake of air (fuel cut). Compared to the driving test using the conventional catalyst (Pd/La(5)/Al>.Os3;
green line), the catalytic system including Pd/La(15)/Al203 (red line) shows improved conversions for
all exhaust gasses. In particular, the conversion of NOx was significantly improved by the incorporation

of the increased amount of La.
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Figure 13. Accumulated emission of (A) NOy, (B) CO, and (C) the total HC, monitored at the tailpipe
during a LA-4 driving cycle (city cycle of US Federal and California) with a vehicle containing a 1.5-L
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gasoline engine and a Pd-Rh three-way catalysts with Pd/La(5)/Al>O3 (green) or Pd/La(15)/Al,03 (red).
Corresponding transient emission of (D) NOy, (E) CO, and (F) the total HC. (G) AFR, and (H) catalyst
bed temperature.
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Figure 14. Transient emission of (A) NO,, (B) CO, and (C) the total HC together with (D) AFR,
monitored at the tailpipe during a LA-4 driving cycle (city cycle of US Federal and California) using a
vehicle with a 1.5-L gasoline engine and a Pd-Rh three-way catalyst containing Pd/La(5)/Al.O3 (green)
or Pd/La(15)/Al>03 (red).
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Conclusions

We have investigated the promotional effect of La in Pd/La(x)/Al.O3 (x = 0, 5, 15, 30wt%) catalysts for
TWC reactions using a combination of kinetic and spectroscopic measurements as well as theoretical
calculations. The obtained results show that the supported metallic Pd particles on La-containing
Al2O3 supports are more electron deficient than those on pristine Al,Os, which results in a higher
reactivity toward NO and a suppression of the poisoning effect of CO. As a result, a higher NO
conversion efficiency is attained over these Pd/La/Al,O3 catalysts. In addition to investigations using
powdered catalyst samples, we prepared and examined monolithic honeycomb catalyst samples in
TWC reactions, which revealed a superior DeNOx performance for Pd/La/Al,O3; compared to Pd/Al2Os.
Moreover, we investigated the optimal La loading for TWC reactions and found that a loading of 15
wt%, which is higher than that for the conventionally used industrial catalysts Pd/La(5)/Al.O3 (La =
5wt%) optimized to keep the high specific surface area, is more effective for the TWC process. As this
study is a collaborative academic and industrial effort, we have also performed a practical test using
a commercial vehicle. The results show that the catalytic system containing Pd/La(15)/Al>O3 exhibits
improved conversions for the exhaust gasses including NOx, CO, and HC compared to the one
containing Pd/La(5)/Al>03. Our results thus indicate that the loading of La in Pd/La/Al,O3 catalysts
should be tuned depending on the application systems. This tuning should consider a balance
between the support stability in terms of the surface area and the promotional effect in the TWC

process.
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