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ABSTRACT The cost of Pt is currently lower than that of Pd and Rh, however, Pt-based three-way
catalysts (TWCs) have attracted less attention than Pd- and Rh-based TWCs. Consequently, the
fundamental understanding of the properties of Pt-based TWCs remains insufficient. Herein, we
demonstrate the effect of oxygen storage materials (OSMs), including CeO, and CeO,-ZrO, solid-
solutions having different ceria contents (20%, 45%, and 66%), on the three-way catalysis
performance of Pt/OSMs using various spectroscopic observations in combination with kinetic studies.
In comparative assessments of powdered and monolithic (honeycomb) catalysts, fresh
Pt/OSM(100%CeO,) and aged Pt/OSM(66%CeO,) exhibited the highest NO conversion among their
corresponding series, showing that Pt/OSM(66%CeQ,) is the most promising and stable among the
TWCs. In situ CO adsorption infrared (IR) spectroscopy and X-ray photoelectron spectroscopy (XPS)
revealed that the Pt° species loaded on OSMs having a higher ceria content were more electron-
deficient. Operando IR and kinetic investigations suggested that increasing the ceria content in fresh
Pt/OSMs enhanced not only the formation of nitrite species and their reactivity toward CO but also
the resistance to CO poisoning during NO—CO reactions. In situ X-ray absorption spectroscopy (XAS)
indicated that both Ce and Pt species in Pt/OSM catalysts are involved in NO—-CO reactions through
their redox cycles. In situ XAS in combination with X-ray diffraction (XRD) measurements revealed
that the hydrothermal ageing treatment resulted in the aggregation of Pt particles and lattice
contraction of CeO, in Pt/OSMs, causing severe degradation of the redox ability of Pt and Ce species

and reducing the promoting effect of ceria on the formation of nitrites and their reactivity toward CO.

KEYWORDS: three-way catalysis (TWC), oxygen storage materials (OSM), Platinum, in

situ/operando spectroscopy
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1. Introduction

Regulations on vehicular emissions of hydrocarbons (HCs), carbon monoxide (CO), and nitrogen
oxides (NO,) are becoming increasingly stringent worldwide. Significant efforts have been devoted to
the development of three-way catalysis (TWC), which is considered as one of the effective
technologies for the abatement of exhaust gases '. In the past few decades, a variety of metal-
based catalytic materials have been designed and explored, including platinum group metals (PGMs)
and non-noble metals (so-called base metal catalysts) such as Ni, Cu, and Fe. Base metal catalysts
have largely been explored to evade the issues arising from the high cost and low availability of noble
metals &'1. Although base metals catalysts have excellent potential, they lack the intrinsic reactivity
and durability required for automotive applications. Consequently, a practical system requires large
amounts of PGMs to satisfy strict regulations 12-21,

Contemporary commercial TWCs are generally composed of Pd and a relatively small amount of
Rh 22-25_ Although Pd- and Rh-based TWCs deliver excellent catalytic performance, their application
has been hindered in the recent years by the increasing price of Pd and Rh. Pt is currently less
expensive than Pd and Rh, which incentivizes the use of Pt in place of Pd and Rh. However, Pt-based
TWCs have attracted less attention than Pd- and Rh-based TWCs 26-30, Therefore, the design and
development of effective catalytic supports is urgently required to improve the activity and stability of
Pt-based TWCs to replace Pd- and Rh-based TWCs or reduce their use.

Compared to Al,Os-based commercial TWC supports 335 and other promising metal oxide
supports 337 oxygen storage materials (OSMs) such as CeO, and CeO,-ZrO, solid-solutions are
effective for control of air-fuel ratios (AFRs) that deviate from the stoichiometric conditions (A = 1) in
real-world applications; that is because OSMs possess excellent oxygen storage capacity (OSC) due
to the rapid redox reaction of Ce, between its 4+ and 3+ oxidation states 3¢-4’. Introducing the Zr*
cation into the lattice of CeO, increases the concentration of structural defects, improves the oxygen
mobility, and enhances the Ce3*/Ce ratio on the surface of PGM-based catalysts, producing more
oxygen vacancies and Ce in the Ce3®* state “8-51. Note that such structural defects should only be local

perturbation and the overall structure should be homogeneous on average as the dynamic oxygen



Catalysis Science & Technology Page 4 of 35

mobility in Pt/CeO,-ZrO, catalysts was proportional to the structural homogeneity arising from the
introduction of Zr into the CeO, framework %2. Metal-support interactions (MSls) and the adsorption
and activation of TWC reactants occurring on OSM surfaces also influence the performance of OSMs
53-57  Wakita and co-workers concluded that the structural disorder in cubic CeysZr;50,, Which
provides bulk diffusion paths for oxygen ions, was a possible factor contributing to its higher catalytic
activity than that of CeO, %8. Fan and co-workers discovered that the strong metal-support interaction
(SMSI), which could be modulated under the oxidative/reductive atmosphere, influenced the structure
and performance of Pt/Ceq¢,2Zr0330,, and samples with a weaker SMSI exhibited higher conversion
of NO and CO %°. Nagai and co-workers reported that the Pt-O-Ce bond formed by the Pt—oxide-
support interaction acted as an anchor and inhibited the agglomeration of Pt particles under oxidizing
conditions at high temperatures 8. Nunan and co-workers discovered that the degree of Pt/Ce
interaction and the resulting activity could be controlled by varying the CeO, crystallite size. Reducing
the CeO, crystallite size increased the Pt/Ce interaction, thereby increasing the activity of fresh and
aged catalysts ¢'. These are seminal findings in this area of research. However, the fundamental
understanding of the properties of OSMs and their effects on the performance of Pt-based TWCs
remains insufficient, particularly under conditions relevant to modern three-way catalysis operations,
where deviations from stoichiometric conditions (i.e., fuel cut and acceleration) are often encountered.
Comprehensive studies are required to further understand the behavior of Pt catalysts loaded on OSM
supports during three-way catalysis.

In this study, we further investigated the effect of OSMs on the catalytic performance of Pt-based
TWCs. In catalytic evaluations of powdered and monolithic honeycomb catalysts, fresh
Pt/OSM(100%CeO,) and aged Pt/OSM(66%CeQ,) delivered the highest performance among the
corresponding sample series. The results of various kinetic and spectroscopic studies, including in
situ (operando) Fourier transform infrared (FT-IR) spectroscopy, X-ray absorption spectroscopy
(XAS), and X-ray photoelectron spectroscopy (XPS), proved that the presence of electron-deficient
Pt% in combination with the excellent redox properties of the Pt and Ce species present in the Pt/OSM

catalyst increased the conversion of NO and effectively inhibited poisoning by CO.
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2. Experimental Section

2.1 Preparation of Catalysts

He (purity >99.995%), H, (purity >99.99%), O, (purity >99.5%), N, (purity >99.99%), Ar
(purity >99.99%), NO (purity >99.5%), CO (purity >99.95%), CO, (purity >99.99%), C3He
(purity >99.95%) gasses were obtained from Air Water Inc. and were used for catalyst preparations,
catalytic reactions using powdered catalysts, and in situ/operando experiments. For catalysts ageing
under hydrothermal redox conditions and catalytic reactions using honeycomb catalysts, purities of
gasses used were as follows; >99.9999% for H,, >99.5% for O,, >99.0% for NO, >99.9% for
CO, >99.5% for CO,, and 99.9999% for C3He. Pt-based TWCs (Pt/OSMs; 3 wt% Pt) were prepared
using commercially available CeO, or CeO,-ZrO, mixed oxide powders according to the following
impregnation procedure. An OSM powder (5 g) and an aqueous solution (100 mL) containing 0.247
g (0.769 mmol) of Pt(NH3)2(NO;), which dissolved in HNO; (Pt content = 4.6 wt.%; Furuya Metal Co.,
Ltd.) were charged in a 500 mL glass vessel. The mixed solution was stirred for 15 min at room
temperature prior to rotary evaporation at 50 °C and drying at 90 °C in an oven for 12 h. Subsequently,
the as-obtained solids were calcined in a furnace at 500 °C in a static air atmosphere for 3 h. Prior to
catalytic evaluation and operandolin situ spectroscopic experiments, the catalyst samples were
reduced in a flow of 10% H,/He (100 mL/min) at 400 °C for 30 min.

Monolithic honeycomb catalysts were fabricated by coating a slurry, prepared from calcined
catalyst powders, an inactive alumina-based inorganic binder, and water, onto a cordierite
honeycomb (25.4 mm x 50 mm, 400 cells/in?; NGK Insulators, Ltd.), followed by drying at 120 °C in
air for 1 h and calcination at 600 °C for 2 h. The as-obtained honeycomb catalysts contained
approximately 60 g/L Pt/OSM solids, amounting to a total Pt loading of 0.18 g/L.

The ageing of monolithic honeycomb catalysts was conducted at 1000 °C for 4 h under
hydrothermal redox conditions under a perturbation cycle of 180 s (3% CO, 3% H,, 10% H,O, and
84% N3), 10 s (10% H,0O and 90% N), 180 s (3% O,, 10% H,0, and 87% N), and 10 s (10% H;O
and 90% N,), simulating rich, stoichiometric, lean, and stoichiometric atmospheres, respectively. The

total flow rate of the feed gas was 3 L/min, which corresponds to a space velocity of 7200 h-'. The
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aged powder catalysts used for characterization were obtained through exposing the powder catalysts
to the hydrothermal redox conditions. Equivalency of the thermal stress toward the catalysts between
the lab-redox and engine ageing was confirmed by similarity of the specific surface areas for the two

aged catalysts.

2.2 Catalyst Characterization

Physical N, adsorption measurements were conducted using AUTOSORB 6AG (Yuasa lonics Co.,
Ltd., Japan). X-ray diffraction (XRD) patterns were recorded using Cu-Ka radiation on a Miniflex
benchtop X-ray diffractometer (Rigaku Corp., Japan) under ambient conditions. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) and energy dispersive X-ray
spectroscopy (EDX) were performed using an FEI Titan G2 80-300 electron microscope. CO
adsorption experiments were performed at -70 °C and -185 °C using a BELCAT Il apparatus
(MicrotracBEL Corp., Japan). Temperature-programmed reduction by H, (H,-TPR) was also
performed using the BELCAT | equipment (MicrotracBEL Corp., Japan). Samples (20 mg) were
placed in a U-type quartz cell and heated to 850 °C at a rate of 15 °C/min in a flow of 5% H,/Ar (100
mL/min). The residual H, in the outlet gas was quantified using a thermal conductivity detector (TCD)
following the removal of water by passing the outlet gas through a 4 A molecular sieve. XPS
characterization of the reduced catalyst specimens was performed on a ESCA-3400HSE
spectrometer (Shimadzu, Japan) using Mg-Ka (1253.6 eV) radiation. The samples were prepared in
a glove box prior to being connected to the XPS chamber to avoid exposure to air. The binding
energies were calibrated with respect to Css at 285.0 eV. CO adsorption IR experiments for fresh
catalysts were conducted at -185 °C after reduction in a flow of 10% H,/He (20 mL/min) at 400 °C for
30 min. The stream of 1% CO/He (10 mL) was introduced to the catalyst pellet (¢ = 13 mm) until the
intensity of CO adsorption peak was unchanged, followed by evacuation to remove the physically
adsorbed CO on the catalyst. The IR spectra were then recorded.

2.3 Operando IR

Operando IR spectroscopic measurements during NO-CO reactions on fresh and aged Pt/OSMs

having varying ceria contents were conducted at 200 °C on an FT/IR-4200 spectrometer (JASCO,
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Japan) equipped with a mercury-cadmium-telluride (MCT) detector. Typically, catalyst pellets (¢ = 13
mm) pressed using 40 mg samples were charged in a quartz IR cell equipped with CaF, windows and
a gas line system, and thereafter reduced in a flow of 10% H,/He (100 mL/min) at 400 °C for 30 min
prior to testing. Following the cooling of each pellet to 200 °C in a flow of He, 0.5% NO/He (80 mL/min)
was introduced into the cell for 10 min prior to reverting to He flow to purge the residual NO inside the
cell. Thereafter, 0.5% CO/He (80 mL/min) was flown into the cell for 10 min. The gas composition at
the outlet was identified and quantitatively analyzed using an FT-IR gas cell (JASCO FT/IR-4100) and
a 490 Micro gas chromatograph (GC, Agilent Technologies Inc., USA) equipped with MS5A (10 m)
and PoraPLOT Q (10 m) columns and a high-sampling-rate TCD. The background of the IR spectrum

was subtracted from the reference recorded at 200 °C in a flow of He.

2.4 (In situ) XAS

All the XAS spectra were recorded in the transmittance mode at the BL14B2 beamline of SPring-8
(proposals 2020A1695 and 2021A1615). A Si (311) double crystal monochromator was used for the
Pt Ls-edge, Zr K-edge, and Ce K-edge measurements, whereas a Si (111) double crystal
monochromator was used for the Ce L;-edge measurements. Data analysis was conducted using
Athena software ver. 0.9.25, which was included in the Demeter package.

For ex situ studies, including measurements of reference compounds, samples in pellet form (¢
= 10 mm) were sealed in a polyethylene cell in air, and their spectra were recorded at ambient
temperature. For in situ studies, samples in pellet form (¢ = 7 mm; mixed with boron nitride (BN) if
necessary) were placed in a quartz cell equipped with Kapton film windows and gas lines. For Ho-
TPR, upon the introduction of 10% H,/He (1000 mL/min), the cell was heated to 850 °C at a ramp
rate of 15 °C/min. For the NO-CO reactions, the catalyst was reduced in a 10% H,/He (100 mL/min)
flow at 400 °C for 30 min and thereafter cooled to 200 °C. Subsequently, 0.5% NO/He, 0.5% CO/He,
or 0.5%NO + 0.5%CO/He were introduced into the cell. The spectra of standard CeO, and Ce(NO3)s,,
and PtO, and Pt foil were used as references for the quantification of the corresponding species (Ce**
and Ce?®*, Pt** and Pt°) using the linear combination fitting (LCF) method. Note that the LCF analysis

provides information about only relative changes because the reference spectra do not exactly match
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spectra of the main samples even if the formal oxidation states are the same.

2.5 Catalytic Reactions

Catalytic NO—CO reactions on fresh and aged Pt/OSMs having different ceria contents were
performed in a fixed-bed flow reactor. Briefly, 20 mg of catalyst powder was charged in a tubular
reactor using quartz wool to fix the layer, followed by reduction in a flow of 10% H./He (100 mL/min)
at 400 °C for 30 min prior to commencing the reaction. Upon reaching the required temperature, a
flowing gas mixture containing 0.5% NO and 0.5% CO in He was supplied at 80 mL/min (F/W
corresponds to 4000 mL/gca/min). The gas composition in the outlet was quantitatively analyzed by
a GC equipped with a SHINCARBON ST column (Shimadzu GC-8A) to determine the conversions
and yields according to the following chemical equations:

2NO +2CO — N, + 2CO, (1)

2NO + CO — N,0 + CO, (2)

Kinetic studies of fresh and aged Pt/OSMs having different ceria contents were carried out under
controlled conditions when the conversion was below 10%. The apparent reaction order with respect
to NO (CO) was determined from the steady-state reaction rates measured in a stream having
different partial pressures of NO (CO) while maintaining a constant CO (NO) content. The activation
barrier was determined from the steady-state reaction rates measured at different temperatures. The
elimination of mass transfer limitation was confirmed using the Mears criterion for external diffusion

and the Weisz-Prater criterion for internal diffusion, which are expressed in equations (3) and (4) 2.

- r'Aprn

——<0.15 3
P 3)
where -ra, pp, R, n, k., and C, are the reaction rate, bulk density of the catalyst bed, catalyst particle

radius, reaction order, mass transfer coefficient, and reactant concentration, respectively. If the value

of the term on the left-hand side is lower than 0.15, the external mass transfer effects can be neglected.

- r'ApcR2

“DeCa (4)

wp =

where -ry, p., R, De, and C, are the reaction rate, catalyst density, catalyst particle radius, effective
gas-phase diffusivity, and concentration of reactant A at the catalyst surface, respectively. If the value

8
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of Cwp is lower than 1, the internal mass transfer effects can be ignored.

Catalytic reactions on the honeycomb catalysts were conducted using a MEXA-series emission
measurement system (Horiba Ltd., Japan). The catalysts were charged in a tubular reactor, and their
catalytic performance was evaluated by feeding a gas mixture consisting of CO, Cz;Hg, Ho, NO, O,,
CO,, and H,0 (with the remainder being N,) at different values of lambda at a space velocity (SV) of
100,000 h-'. The value of lambda was calculated according to equation (5) (see Tables S1-S3 for
further details on the gas compositions for the corresponding experiments). Prior to each catalytic
activity test, the honeycomb catalyst was pre-treated in a flow of the reaction gas (1 Hz perturbation
between A = 0.95 and A = 1.05) at 400 °C for 30 min, followed by cooling to 100 °C in a flow of N..

Conversions of NO, CO, and C3;Hg were monitored using an exhaust gas analyzer (ABB, AO-2020).

\ = Oz + 0.5CO + 0.5H20 + CO, + 0.5NO .
~  0.5H2 + CO + 1.5C3Hg + 0.5H,0 + CO» (5)
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3. Results and Discussion

3.1 Catalyst Characterization

BET surface areas (Sget) were determined for fresh and aged Pt/OSMs having different ceria contents
based on the results of N, adsorption experiments (Figure S1). Figure 1 shows that the Sger of the
fresh catalyst increased as the ceria content increased; however, the Sger of the corresponding
samples following ageing exhibited an inverse trend. In addition, the ratio between the Sger of the
aged specimen and that of the fresh specimen decreased significantly with an increase in the ceria
content, particularly for Pt/OSM(100%CeQ,), indicating the sintering of the support during
hydrothermal ageing and the low thermal stability of CeO,. Figures 2 and S2 depict the morphology
and elemental distribution obtained from the EDS mapping of fresh and aged Pt/OSMs having
different ceria contents. The zirconium introduced was dispersed uniformly with Ce in the fresh and
aged catalysts having 20%, 45%, and 66% ceria. These results indicated the structure of ZrO,-CeO,
solid-solution is not destroyed, because no segregation of ZrO, from CeO, was observed after ageing,
which was also confirmed by the XRD characterization. Furthermore, the support did not appear to
be compacted, and the Pt particles were uniformly dispersed throughout the fresh catalyst samples.
The textual properties calculated from CO-adsorption and STEM measurements, including Sger and
the average Pt particle size of fresh and aged Pt/OSMs having different ceria contents are
summarized in Table S$4. Please note that negligible amounts of CO were adsorbed on the aged
samples. The aggregation of Pt particles (~9.0 nm) accompanied by the sintering of support was
reflected by the change in the average Pt particle size and Sger following hydrothermal ageing,
compared with the fresh samples. Therefore, it can be obtained that the hydrothermal aging treatment
will lead to the sintering of CeO,, which can be alleviated by the introduction of ZrO,, and aggregation
of Pt particles.

Figures 3A and 3B show the XRD patterns of fresh and aged Pt/OSMs having different ceria
contents, respectively. The patterns exhibited by the fresh and aged samples correspond to cubic
fluorite-type CeO, and CeO,-ZrO, solid-solutions having different Ce/Zr ratios. The XRD peaks shifted

to higher 26 values with increasing zirconia content, revealing the contraction of the CeO, crystal

10
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lattice ©3. The absence of peaks attributed to the ZrO, and CeO, phases and of asymmetric reflections
appearing in the fresh and aged samples with increasing zirconia content indicates a homogeneous
solid-solution. No peaks attributable to Pt species were observed in the fresh specimens, owing to
the small crystallite size and uniform dispersion of Pt on the support. Following hydrothermal ageing,
peaks attributable to Pt species were observed in the XRD patterns of all samples, indicating the
agglomeration of Pt crystallites at high temperatures. In addition, all reflections from the aged samples
became sharper and narrower with increasing ceria content, indicating enhanced lattice contraction
and powder sintering, which is consistent with the changes in the Sggr and the HAADF-STEM
characterization results. In particular, the peak splitting appearing at 26 = 69.6°, 76.9° and 79.3° in
the diffraction pattern of aged Pt/OSM(100%CeQ,) (Figure S3) revealed the ceria has grown in size
leading to very narrow line widths 6465, However, this phenomenon was not observed in the other
aged samples, indicating that the introduced zirconia suppresses the sintering of ceria, which has
been extensively investigated previously . In addition, the solid-solution structure of ZrO,-CeO, in

aged samples can be still maintained even after hydrothermal treatment at 1000 °C.
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Figure 3. XRD patterns of (A) fresh and (B) aged Pt/OSMs having different ceria content.

The Zr K-edge X-ray absorption near-edge structure (XANES) spectra of the fresh and aged
Pt/OSMs and their reference compounds, including ZrO, and Zr foil, are shown in Figure S4. The
edge position of the XANES of the PtYOSM samples corresponds closely to that of ZrO, used as a
reference, indicating that zirconium species in PYOSMs exist as Zr**. Figure S5 depicts the Ce K-
edge XANES spectra of the fresh and aged Pt/OSMs as well as their reference materials, CeO, and
Ce(NOs)s. No difference was evident between the fresh and aged samples and the edge position
corresponds well to that of a reference CeO, sample, suggesting the local structure of Ce in these
specimens was similar to that in CeO,. Figures 4A and S6A show the Ce L;-edge XANES spectra
and the evolution of Ce species during the H,-TPR of OSM(66%CeQO,) and OSM(100%CeO5)

supports. The reduction of Ce** to Ce?®", indicated by the gradual disappearance of the characteristic
12
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double-peak feature at ~5730 and ~5737 eV and the appearance of a sharp peak at ~5725 eV, can
be identified from the XANES spectra 7-6°. The well-known two-step reduction profile can be observed
in these two samples, which assists in distinguishing between surface and bulk reduction 707! and
the Ce** was completely reduced to Ce3* at 800 °C. With the introduction of zirconia into the OSMs
(Figure S7A), the bulk reduction peak shifted to a lower temperature (~560 °C) compared to that of
CeO, (=710 °C). This is attributed to the ability of zirconia to introduce sublattice oxygen into the
Ce0,-ZrO, solid-solution, generating defective structures and highly mobile oxygen atoms in the
lattice that could be released at moderate temperatures 7273, In particular, a single reduction peak can
be noticed in the samples having lower ceria contents, OSM(25%CeQ,), and OSM(45%CeQ,), similar
experimental phenomenon was also observed by Kaspar on the Ce( 5Zry 50, and Ceg 4Zry 60, samples
during H,-TPR 74, Following the loading of Pt species, an intense peak appeared at ~95 °C, which is
attributed to the reduction of Pt oxide species, as shown in Figures 4B and S6B. The peak at ~337 °C
would be with respect to the concomitant reduction of PtO, and Ce?**, with the main contribution
coming from the Ce component. A broad peak appearing in the vicinity of 700 °C was attributed to
the reduction of bulk ceria in PtO,/OSM(66%Ce0O,) and PtO,/OSM(100%CeO,). Compared to the
pristine support, the reduction of surface Ce** commences at a lower temperature and a higher rate
following the loading of Pt oxide species, resulting from the Pt°-induced hydrogen spillover effect 7576,
In the spectra of the PtO,/OSM(20%CeO,) and PtO,/OSM(45%CeO,) samples (Figure S7B), a single
peak linked to the reduction of Ce** was observed, which corresponds to the reduction of their OSM
supports. A similar reduction phenomenon was also observed for Rh,O3/OSMs and PdO/OSMs
having different ceria contents 77-78, However, no significant gradual changes were observed in the Zr
K-edge XANES spectra except for slight fluctuations caused by the reduction of ceria (Figure S8),
suggesting that the oxidation state of all Zr species in the OSM supports and the PtO,/OSM samples
during H, reduction remains constant at a formal valency of 4+. Thus, it can be concluded that the
Ce** in ZrO,-CeO, solid-solution can be reduced to Ce3* accompanied with the reduction of Pt** to
Pt°, however, the Zr** keeps unchanged.

XPS characterization and IR spectroscopy in conjunction with CO-adsorption experiments were

carried out to assess the electronic properties of Pt particles in fresh and aged Pt/OSMs with different
13
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ceria contents. Figures 5A and 5B show the Pt 4f XPS spectra of fresh and aged Pt/OSM specimens,
respectively, following reduction using H, without exposure to air. Two signals at binding energies of
ca. 71 and 74 eV attributed to metallic Pt were observed in these spectra 7>. For the fresh samples,
the signals shifted to lower binding energies as the ceria content decreased, suggesting that the Pt°
species were more electron-rich in Pt/OSMs having a lower ceria content. Following the ageing
treatment, the Pt° species in Pt/OSM(66%CeO,) became the most electron-deficient, followed by
those in PtYOSM(45%CeO0,), PYOSM(20%CeO,), and Pt/OSM(100%CeQ,). Figure 5C presents the
in situ IR spectra recorded during the adsorption of CO onto fresh Pt/OSMs. The peak appearing at
approximately 2070 cm" in all these spectra was assigned to CO bound to the on-top sites of the
metallic surfaces 7°. The center of the peak gradually shifted to a higher wavenumber as the ceria
content increased. And no peaks related to the CO adsorption on Zr**/Ce** (~2150 cm') and Ce®*
(2130-2120 cm-") sites were observed. The = back-donation from the transition metal surface to the
27" antibonding orbital of the adsorbate (CO) is the principal contributor to the strength of adsorption
80.81 This contribution is weakened when Pt is positively charged, leading to a weaker adsorption of
CO on the surface and less activation of adsorbed CO, resulting in a blue-shift of the peak center 82.
Therefore, it can be believed that the increasing ceria content in support favors the formation of more
electron-deficient metallic Pt° species in fresh Pt/OSM samples. This effect of the support on the
electron structure of the loaded metal was also observed in Pd/M/Al,O; (M = La, Ba, or Sr) TWCs in

our previous studies 8384,

14
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Figure 4. In situ Ce and Pt Ls-edge XAS during Ho-TPR of (A) OSM(66%CeOQ,) (Sample amount =
1.9 mg with 20.4 mg of BN) and (B) PtO,/OSM(66%CeO,) (Sample amount = 2.0 mg with 20.4 mg of
BN for Ce L;-edge, and 21.8 mg with 12.8 mg BN for Pt L;-edge measurements) conducted in H, flow
(1000 mL/min) at the heating rate of 15 °C/min using CeO, and Ce(NO;)3;, and Pt foil and PtO, as
references for linear combination fitting analysis.
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of fresh Pt/OSMs following the reduction using H, without exposure to air.
3.2 Effect of OSMs on catalytic NO—CO reactions
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NO-CO reactions were performed on fresh and aged powdered Pt/OSMs having different ceria
contents, as shown in Figure 6. The catalytic activity was enhanced with the increase in the ceria
content among the freshly tested catalysts, and Pt/OSM(100%CeQO,) delivered the highest
performance. However, the catalytic performance followed the order Pt/OSM(66%CeQ,) >
Pt/OSM(45%CeO0,) > PYOSM(20%CeO,) > Pt/OSM(100%CeO0,) after ageing treatment, due to the
thermal stability enhanced by the introduction of zirconia and the promotional effect of ceria in catalytic
activity. These results verify that the ceria content of the OSM support significantly influences the
catalytic performance of the as-prepared Pt/OSM in NO-CO reactions. In addition, the catalytic
activity of PtYOSMs decreased dramatically following the ageing treatment due to the aggregation of
Pt particles and structural changes in the support. It should be noted that the main products are N,O
and CO, with mass balance of 100% in the relatively low temperature region (below 450 °C). Further,
to investigate the effect of OSM support on the catalytic properties of Pt/OSM, the apparent reaction
orders with respect to NO and CO, as well as the activation barrier, were determined for fresh and
aged catalysts from the turnover frequencies (TOFs) in streams having different partial pressures of
NO and CO (Figure S9 and Table S5). The TOFs were determined using the steady-state reaction
rates measured at NO conversions lower than 10% and CO adsorption amounts at -20 °C. Reactions
involving CO are usually of a negative order with respect to the CO concentration on Pt-based
catalysts #%; that is because the strong binding of CO to the surface of PGMs inhibits the catalyst,
that is, CO serves as a catalyst poison. This phenomenon was also observed for both fresh and aged
Pt/OSMs, for which the reaction order with respect to CO was negative, revealing that the strong
adsorption of CO onto Pt particles suppressed the NO-CO reactions. By combining the calculated
reaction order of CO and the IR and XPS characterization results recorded during the adsorption of
CO, the extent to which CO inhibits the reaction can be attributed to the electronic properties of the
supported Pt species; increased electron-deficiency reduces the inhibition caused by CO. Therefore,
increasing the ceria content of the catalyst reduces poisoning by CO; however, this promoting effect
is decreased by the sintering of ceria, as indicated by the fact that Pt/OSM(66%CeO,) exhibits the
strongest poisoning-resistance among all the aged catalysts. The Arrhenius plots indicate that the

NO-CO reactions on fresh catalysts having higher ceria contents exhibit lower activation energies,
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and the corresponding samples exhibit higher activation energies following the ageing treatment,

which supports the catalytic evaluation results.
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Figure 6. Effect of OSMs having different ceria contents on catalytic NO-CO reactions over powdered
fresh and aged Pt/OSMs (20 mg) in a flow of 0.5% NO, 0.5% CO, and 99% He (80 mL/min).

To gain clearer insights into the effect of OSMs on the formation and evolution of surface species
and their reactivity during NO-CO reactions on fresh and aged Pt/OSMs having different ceria
contents, operando IR spectroscopic experiments were performed and the results are presented in
Figure 7. Following exposure to NO, various NO, species were formed on the catalyst surface as
evidenced by the peaks appearing in the 1100-1700 cm™' region 8788, Specifically, the peak at
approximately 1170 cm™ was ascribed to the surface nitrite species 8%, The intensity of this peak is
higher in the fresh Pt/OSMs having a higher ceria content, indicating that ceria can efficiently promote
the production of surface nitrite species. However, nearly no nitrite formation was observed on aged
Pt/OSM(100%CeO0,), largely due to the heavy agglomeration of CeO, and sintering of Pt particles, as
confirmed by N, adsorption, HAADF-STEM, and XRD characterizations. Besides, the hydrothermal
aging treatment at 1000 °C can cause the strong metal-support interaction (SMSI) in aged catalysts

and therefore the Pt particles can be wrapped or covered by Ce species %91, leading to the difficult
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contact between Pt sites and reactant molecules and the consequential decrease in the intensity of
IR absorption peaks of the aged samples. The broad bands in the region of 1250-1650 cm-' were
attributed to the characteristic absorption of nitrate species in different modes 9. The peak at
approximately 1781 cm' is ascribed to the NO species absorbed on Pt particles, which can transform
into N,O and nitrite species through a disproportion reaction %. The bands emerging in the region of
1293-1606 cm™' were assigned to carbonate species adsorbed on the catalyst surface, and, upon
exposure to CO in a flow of 0.5% CO/He, gradually increased in intensity °*. However, the intensity of
the peak attributed to nitrite species declined during the introduction of CO. As shown in the plots on
the right-hand side of Figure 7, the rate of consumption of nitrite species, which reflects their reactivity,
is enhanced by increases in the ceria content of fresh Pt/OSMs. However, the aged catalysts follow
the order Pt/OSM(66%CeO,) > Pt/OSM(45%CeO,) > PYOSM(20%Ce0O,) > Pt/OSM(100%CeO,) with
respect to the reactivity of nitrite species. Furthermore, the as-detected concentrations of N,O and
CO, changed in agreement with the reactivity trend. These results reveal that the efficient formation
of nitrite species and their reactivity toward CO are crucial to NO-CO reactions on fresh and aged
Pt/OSMs, and the increased ceria content in fresh samples can promoted this process.

To understand the redox behaviors of Ce, Pt, and Zr species in fresh and aged catalysts during
NO-CO reactions and their effects on catalytic performance, in situ Ce and Pt Ls;-edge and Zr K-edge
XAS measurements were conducted under consecutive flows of 0.5% NO/He and 0.5% CO/He, or a
combined flow of 0.5%NO + 0.5%CO/He for the fresh and aged Pt/OSM(66%CeQ,) samples. The
corresponding in situ Ce and Pt L;-edge XANES spectra and the LCF analysis results are shown in
Figure 8. The Ce?® and Pt° species in the fresh PtYOSM(66%CeO,) sample were oxidized upon the
introduction of NO, as evidenced by the change in the intensity of the corresponding peak in the
XANES spectra. The Pt species oxidized by NO could be completely reduced by exposure to CO
flow; however, the Ce** species was only partially reduced to Ce?*, which could be re-oxidized by the
subsequent NO flow. When the composition of the flowing gas was altered to 0.5%NO + 0.5%CO/He,
the fractions of the Ce?®*, Ce**, and Pt° species remained nearly unchanged. In contrast, the redox
abilities of Ce and Pt species in the aged Pt/OSM(66%CeQ,) specimen were much lower than those

in the fresh sample under identical conditions, and the oxidation of Ce®* was easier than the reduction
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of Ce**. This is because the hydrothermal ageing treatment causes the aggregation of Pt particles,
lattice contraction of CeO, and progressive cubic crystallization of ZrO,, as confirmed by the HAADF-
STEM, XRD, and XAS characterizations. The redox behavior of Pt can be correlated to the particle
size; the larger particles are more difficult to oxidize °%. The lattice contraction of CeO, and the
gradual cubic crystallization of ZrO, restrict the mobility of oxygen in the Ce0O,-ZrO, solid-solution,
thereby suppressing the redox transition of Ce 7478, Unlike Pt and Ce, no prominent redox transition
was exhibited by zirconium in the fresh and aged samples, in which it remained in the formal oxidation
state of Zr** (Figure S10). These results demonstrate that the Ce and Pt are both involved in NO—
CO reactions through their redox cycles and abilities, which are affected by the structural properties
and particle size changed by hydrothermal aging treatment, and are crucial to the catalytic activity in

NO-CO reactions.
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Figure 7. Results of Operando IR spectroscopic experiments performed to identify the formation of
surface species and their reactivity toward CO on reduced fresh and aged Pt/OSMs recorded
continuously following the introduction of 0.5% CO/He (seablue) after exposure to 0.5% NO/He for
10 min followed by He flow (orange) for 10 min at 200 °C; and variations in the intensities of peaks
attributed to surface nitrite species and the as-detected concentrations of N,O and CO, (products)
during the reactions.
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Figure 8. /In situ Ce and Pt L;-edge XAS measurements during NO-CO reactions on (A) fresh and
(B) aged Pt/OSM(66%Ce0,) (Sample amount = 2.0 mg with 20.4 mg of BN for Ce L;-edge and 21.8
mg with 12.8 mg of BN for Pt L;-edge measurements) in a switched flow of 0.5% NO/He, 0.5% CO/He
or 0.5%N0+0.5%C0O/He (1000 mL/min) at 200 °C following reduction using H, at 400 °C, using CeO,

and Ce(NO;);, and Pt foil and PtO, as references for linear combination fitting analysis.
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3.3 Catalytic evaluation of monolithic honeycomb catalysts under TWC conditions

The effect of OSMs on TWC light-off performance over monolithic honeycombs of fresh and aged
Pt/OSMs was investigated in the light-off mode in a switched gas flow with a lambda perturbation of
1 Hz between 0.95 (rich) and 1.05 (lean) at SV = 100,000 h-', as shown in Figure 9. The honeycomb
catalyst was pretreated in a flow of gas having an identical composition to that used in the evaluation
at 400 °C for 30 min prior to each test. The continuously monitored performance of the fresh PtYOSMs
in the removal of NO, CO, and C3;Hg increased with the increase in the ceria content in the OSM
support, attributing to the promotion of ceria in the formation of nitrite species and their reactivity
toward CO and C3;Hg. However, the conversion of NO, CO, and C3;Hg on aged Pt/OSMs followed the
order Pt/OSM(66%Ce0O,) > Pt/OSM(45%Ce0,) > Pt/OSM(20%Ce0,) > Pt/OSM(100%CeO,)
considering the promoting effect of ceria, the decreased redox abilities of Pt and Ce species, and the
sintering of the OSM supports during the ageing treatment ensured by in situ / operando XAS and IR
as well as N, adsorption and XRD characterizations. Although the three-way catalysis activity of
Pt/OSMs decreased dramatically following the ageing treatment, it is a vital investigation for practical
applications, as catalysts are exposed to extremely harsh conditions that they must withstand for
extended periods 9-%. In addition, we correlated the ceria content with the T,y behavior, which was
defined as the temperature at which the conversion was 20%, to further demonstrate the effect of
OSMs on three-way catalysis performance, as presented in Figure S11. In fresh catalysts, Ty
decreases with increasing ceria content, indicating that the ceria in OSM facilitates the conversion of
NO, CO, and C3Hg on supported Pt TWCs at lower temperatures. In contrast, PtYOSM(66%CeO,)
exhibited the lowest T,3 among the aged catalysts, because of its good thermal stability improved by
the introduction of zirconia and relatively high catalytic activity promoted by the ceria.

Figure 10 shows the effect of OSMs on the lambda-sweep performance over monolithic
honeycomb Pt/OSM catalysts in the range of 0.95 (rich) to 1.05 (lean) at increments of 0.01 at 300 °C,
during which the conversions of NO, CO and C;Hg were recorded after maintaining each lambda step
for 60 s to examine the steady-state activity. The conversion of NO occurs efficiently in the rich region
(0.95 < & < 1), wherein excess reducing gas components are present. The NO removal efficiency

increased with the increase in the ceria content for fresh Pt/OSMs; however, Pt/OSM(66%Ce0,)
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exhibited the highest efficiency among the aged catalysts, which is in agreement with the results of
the light-off performance test. The conversion of CO and C;Hgs is sufficient in the lean region (1 <A <
1.05), where oxidation processes are preferred in the presence of abundant O,. All of the fresh
P/OSMs exhibited identical maximum removal efficiencies for CO and CsHe; however, only
Pt/OSM(66%CeQ,) retained high activity among the aged catalysts. The removal efficiencies of CO
and C3Hg on fresh Pt/OSMs also increased with increasing ceria content in the rich region. These
results are in agreement with the aforementioned investigations and demonstrate that the high ceria
content together with the excellent redox properties of Pt and Ce species, which are suppressed
following the ageing treatment of Pt/OSM catalysts, promote three-way catalysis. In addition,
interesting behaviors are exhibited by the aged catalysts: the NO conversion is lower under rich
conditions compared to that under lean conditions, particularly for aged Pt/OSM(20%CeQO,). This is
directly opposite to the normal reactivity of NO, as it is an oxidant that reacts with a reductant under
reducing conditions. This can be explained by the poisoning effect of CO. Under rich conditions, CO
poisoning drastically reduces the NO conversion, while under lean conditions, the CO poisoning is
weaker, and consequently the activity is higher. This is also consistent with the fact that the aged
P/OSM(20%CeQ,) catalyst exhibited the lowest apparent reaction order with respect to CO in the
NO-CO reaction. This phenomenon originating from strong CO poisoning is peculiar to Pt and is not
seen in Rh and Pd, and it is essential to account for it during the development of Pt-based TWCs.
When the reaction temperature was increased to 400 °C (Figure S12) and thereafter to 500 °C
(Figure S13), the conversion of NO, CO, and C3;Hs on fresh and aged Pt/OSMs was remarkably
enhanced, and the differences between the catalytic performances of these catalysts decreased
gradually.

The lambda value significantly fluctuates from low (rich) to high (lean) during the modern practical
TWC process due to an engine fuel-cut operation which was introduced relatively recently to improve
fuel efficiency 29190, so it is important that the TWC catalysts possess a broad working window and
efficiently remove exhaust gases under such turbulent conditions 83191, Therefore, the effect of OSMs
on TWC lambda-switching performance over Pt/OSM-coated honeycomb catalysts was investigated,

and the continuously recorded conversions of NO, CO, and C3Hg are shown in Figure 11. The catalyst
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was pretreated under lean conditions (A = 1.05) at 300 °C for 5 min prior to the commencement of the
test under rich conditions (A = 0.95), followed by switching to lean conditions and then to rich
conditions again. There are detection delays for NO and CO relative to C3;Hg due to the experimental
setup (1.0 s for NO and 3.2 s for CO relative to C3Hg). For the fresh PtYOSMs, a high NO conversion
was retained for the longest duration over PYOSM(100%CeO0.), whereas the NO conversion declined
faster than for the other catalysts that had lower ceria contents. The NO conversion occurred nearly
identically over the catalysts studied for the subsequent change from lean to rich, followed by a
gradual decrease in the conversion for PtYOSM(20%CeO,) and Pt/OSM(45%CeQ.). A similar gradual
decrease in the conversions under rich conditions was also observed for CO and Cs;Hg. This was
probably caused by CO, which acts as a poison for Pt, as observed during the NO—CO reactions. The
reactivities of the aged Pt/OSMs were much lower for all the reactants than that of the fresh Pt/OSMs.
The increase in the conversion of NO under lean conditions was also observed here, particularly for
aged Pt/OSM(20%CeO0,). This phenomenon can also be explained by the strong poisoning effect of

CO under rich conditions, causing the extremely low NO conversion.
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Figure 9. Effect of OSMs on TWC light-off performance over fresh and aged Pt/OSM-coated
honeycomb catalysts under a switched flow of CO (2.4-0.6%), CsHs (420 ppm), H, (0.8-0.2%), NO
(1000 ppm), O, (0.6-1.65%), CO, (15%) and H,O (10%) (with the balance being composed of N,) with
lambda perturbation of 1 Hz between 0.95 (rich) and 1.05 (lean) at a heating rate of 25 °C/min and
SV =100,000 h-.

23



Fresh catalysts
10

Catalysis Science & Technology

Page 24 of 35

0 .
\ NO co e
80% i
S
5 60L L
14
[
2 40 k =
3 Pt/OSME20%CeO;g ‘
20Fo— PUOSM(45%Ce0; g |
PYOSM(66%Ce0y)
PYOSM(100%CeO,) J
0 I | 1 I
0.95 1 1.05 0.95 1 1.05 0.95 1 1.05
73 A A
After aging treatment
15 80 60
PYOSM(20%Ce0, NO co| C3Hg
PUOSM§45%CEOZ
PUOSM(66%Ce0;
2 PYOSM(100%Ce0y) 60}
c 10 40+
S
2]
) ‘ 40 ‘
2 \
S st | 20
| 20}
| ‘ . ‘ o |
dg5 1 705 0’95 1 705 P95 1 1.05
A A A
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with the lambda perturbation interval set at 60 s and changing from 0.95 (rich) to 1.05 (lean) through
steps of 0.01 at 300 °C and SV = 100,000 h-".
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Figure 11. Effect of OSMs on TWC lambda-switching performance over fresh and aged Pt/OSMs-
coated honeycomb catalysts under a switched flow of CO (2.4-0.6%), C3He¢ (420 ppm), H, (0.8-0.2%),
NO (1000 ppm), O, (0.6-1.65%), CO, (15%), and H,O (10%) (with the balance being composed of
N,) with the lambda perturbation interval set at 30 s and changing between 0.95 (rich) and 1.05 (lean)
at 300 °C and SV = 100,000 h-'. Note that there are detection delays due to the experimental setup
(1.0 s for NO and 3.2 s for CO relative to C3Hs).
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Conclusions

In this study, we investigated the effect of OSMs on the performance of Pt-based TWCs using a
combination of spectroscopic and kinetic measurements. The catalytic evaluations of powdered as
well as monolithic honeycomb catalysts showed that Pt/OSM(100%CeO,) and Pt/OSM(66%CeO,)
exhibited the highest NO conversion among their corresponding fresh and aged sample series.
Operando and in situ CO adsorption IR spectroscopic experiments as well as XPS characterizations
revealed that increasing the ceria content of the OSM support promoted not only the production of
nitrite species and their reactivity toward CO reactant but also the formation of more electron-deficient
Pt® species, which results in high performance in the three-way catalysis process and effective
resistance to CO poisoning over fresh Pt/OSM catalysts. /n situ XAS measurements confirmed that
both Pt and Ce species in the Pt/OSM catalyst were involved in the TWC reactions through their redox
cycles. However, the hydrothermal ageing treatment caused the sintering of the Pt particles and the
lattice contraction of CeO, in Pt/OSMs. This severely retarded the redox behavior of Pt and Ce
species and reduced the promoting effect of ceria, thereby reducing the catalytic activity of the aged
catalysts at relatively low temperatures compared to their fresh counterparts. In addition, the strong
poisoning of the Pt catalysts, particularly after hydrothermal ageing during the rich operation, which
was more significant than that for Rh and Pd catalysts, should be considered when developing Pt-

based TWCs.
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