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Highlights

® The single-site Pt1(11)-Ox- species, are the actual catalytic sites for the CO and CsHe
oxidation reactions on La-Al20:s.

® Single-atom Pt sites don’t have adequate sinter-resistant performance in a Pt/La-
Al>O3 catalyst.

® The barium additives facilitate single-atom sites to survive the hydrothermal aging
up to 650 °C.

® With/without the barium additives and/or sintered platinum particles in the catalysts,

the intrinsic activity stays intact under realistic reaction conditions.

ABSTRACT

High-temperature operations present a substantial challenge for developing
industrial-capable precious metal catalysts (e.g. Pt/alumina), where the scarce metal
atoms easily become wasted as sintered nanoparticles. Using fully dispersed precious
metal atoms to deliver the catalysis remains an elusive goal. On a widely used La-
stabilized alumina support, we find that the atomically dispersed Pti(I1)-Ox- species,
rather than the much more visible large metal particles, are the actual catalytic sites for
the CO and CsHs oxidation reactions. Unfortunately, the La dopants in alumina support
will not hinder the sintering of the active Pty(11)-Ox- species. As a natural next step, the
Ba-Ox- species were introduced to specifically stabilize the single-atom Pt on the La-
stabilized alumina support. By implementing this improved formulation, the atomically
dispersed Pt on alumina retains the original full dispersion even after 650 °C
hydrothermal aging. Intriguingly, with or without the barium additives and/or sintered
platinum particles in the catalysts, the intrinsic activity per Pt atom stays intact. Along
with other experimental evidence, this leads to the finding that the single-atom Pt is the
true catalytic site for the oxidation of CO and CsHe in the widely-used Pt/La-Al>O3
material system. This work provides a new perspective for efficient precious metal
utilization under demanding catalytic conditions.

Keywords: single-atom catalyst; platinum; high-temperature stability; emissions
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purification; alumina

1. Introduction

Atomically dispersed supported metal catalysts may offer full catalytic efficiency in
many reactions if the sintering of the dispersed atoms can be hindered [1, 2]. Examples
from the recent literature and our authors’ work have explored ways to prepare such
catalysts as stable dispersions that can withstand various reaction conditions from room
temperature up to 400 °C [3-6]. However, the stability of these catalysts, especially on
an earth-abundant oxide support like alumina-based materials, is limited to low
temperatures, below 300 °C. Single-site isolated Pt, Au, and Pd, stabilized but not
saturated in coordination by the surface oxygen linkages, are active for CO oxidation
[7-9], NO oxidation [10], and the water-gas shift reaction [3-6, 11]. It has been shown
that using reducible cerium-based oxides as the catalyst support is an effective approach
to improve the thermal stability of the dispersed metal atoms [11-13]. However, in
addition to the limited elemental abundance of the cerium-based oxides, the use of these
oxides may negatively affect the oxidation of HCs and NOx under an oxygen-rich
atmosphere — the typical operating conditions for modern lean-burn gasoline and
diesel engines [14, 15]. The general issue of how to stabilize the catalytically active
platinum metal single atoms on earth-abundant and low-cost substrates, such as the
widely used La-stabilized alumina by industry, in various demanding reaction
conditions remains largely unresolved.

It is critical to build these single-site platinum or other precious metal atoms so that
they remain stable and active under severe reaction conditions. This is especially true
for the automotive exhaust applications, where almost one half of the annual global
platinum group metal (PGM) production is used in the engine emissions control
catalysts. Currently, over 90 % of PGM is wasted due to the sintering in a typical
working catalyst. The issue of stable activity in demanding conditions is thus important

both from a fundamental viewpoint, but also for robust catalyst designs in practical
3



applications. The failures of dispersing the platinum metals on alumina-based materials
and retaining these dispersions at automotive exhaust conditions have been known for
decades. For example, highly active atomic Pd sites dispersed on the La-alumina
supports sinter rapidly into large, discrete particles at temperatures as low as 100 °C [9].
On the other hand, Pt single atoms in alumina and silica can be fully coordinated and
stabilized by various organic ligands and precursors up to 400 °C, but poor catalytic
activities of these over-stabilized Pt atoms have been reported [16, 17]. As a general
case, it is documented that, upon heating up to a threshold temperature of 600 °C for a
few minutes, the formation of large platinum particles from atomic migration resulted
in a two to tenfold decline in metal dispersion [18-20]. A desired PGM-catalyst must
survive high-temperature spikes and still deliver low-temperature activities. This
principle hinders the application of the current single-atom PGM platforms to a variety
of high-temperature catalytic processes, in particular the catalytic purification of
vehicle exhaust where the temperature of the feed gas stream can easily exceed 600 °C.

A few elements regarded as chemical promoters have been studied as stabilizers to
hinder the PGM sintering. The La additives have been widely used in vehicle emissions
control catalysts. Lanthanum dopants significantly improve the thermal stability of the
y-Al,03 by anchoring on the penta-coordinated AI®* sites and thus inhibiting the
alumina phase transition [21-22]. For the stability of the PGMs, Montimi et al.
impregnated platinum with an average size of 1.4 nm on Al>Os support with La>Os
dopants, and found the catalyst can maintain the glycerol conversion over a period of
50 hrs at 350 °C [23]. Araujo et al. showed that Pt nanoparticles ranging from 1 to 5 nm
supported on 12 wt.% La»>Os doped Al>Oz kept stable after 24 hrs of the dry reforming
of methane reaction at 600 °C [24]. Peterson et al. speculated that the addition of La can
stabilize the single-atom Pd species through oxygen bond that was created after
calcination at elevated temperatures [9]. However, these single-atom Pd species, as the
most ideally dispersed active sites, went through a fast sintering under the CO oxidation
reaction stream from as low as 100 °C. Similarly, we found in the present work that the
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single-site Pt on La-Al>Oz aggregated into large nanoparticles after a hydrothermal
aging at 650 °C, despite the encouraging atomic dispersion of Pt in the as-prepared fresh
catalysts. This again highlights the low stability of the finely dispersed PGM species
that leads to the significant loss of the catalytic activity after extensive use. As for the
low-temperature water-gas shift reaction that our authors worked on previously, it is
possible to retain the atomic dispersions of the active PtOx- species on alumina, silica,
zeolites, and titania by stabilizing them with a shell of alkali ions though —O bonds.
Extended operation at 275 °C for many hours is thus possible [6]. Still, these
preparations would not withstand the high-temperature spikes of the automotive
exhaust operation (See supporting information (SI) for the K-stabilized catalysts). The
well-known issue of alkali metal loss in emission control catalysts after prolonged
operation is another reason that we chose to find the alternatives to the alkali metal
stabilizers [25]. Due to the similarities of group I and Il elements in electronegativity
(e.g. Na: 0.93; K: 0.82; Ba: 0.89.) that are critical for binding with the next metal atom
through -O- linkages, the barium naturally emerges as a promising stabilizer for the
dispersed Pt catalytic species. However, the optimal effectiveness and the nature of the
mitigated catalysis has not been systematically explored. Herein, we first report a new
group of active and stable Pt/La-Al.Oz catalysts using BaO additives with almost 100 %
atomic dispersion (0.4 wt.% Pt) after hydrothermal aging up to 650 °C, and examine
their coordination and activity for the oxidation of CO and CsHs at simulated lean-burn

emission conditions.
2.  Experimental

2.1 Catalyst preparation

The commercial La-Al,O3 support (5 % La-stabilized y-Al203, SOLVAY Rhodia)
was used after calcination at 400 °C for 10 hrs in flowing air. To establish the [Pt]-
[Group Il metal] interaction through —O- linkages (to be proved in the following
sections), it is crucial to have the —O—[Group Il metal] species bridge easily to the Pt

atom center during the catalyst preparation. The Pearson’s Hard-Soft (Lewis) Acid-
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Base (HSAB) principle defines the Pt atom as the soft acid, which thermodynamically
prefers binding to ligands having higher degrees of softness, such as the oxygen-based
0%, -OH, and NOs" ligands [26-27]. Therefore, the barium nitrate was adopted as the
additive precursors in this work. Pertaining to the amount of barium additives, we use
a trace amount of barium, aiming to generate a shell of -O-Ba binding layer around the
Pt atom center to allow the latter to be adequately stabilized. Our corresponding author
M. Yang and his coworkers had demonstrated that the ratio of 1:6 to 1:10 is the optimal
for alkali metals with a combination of experiment and DFT calculations [3, 6]. When
it applied to the alkaline earth elements with larger atomic numbers and atom radius,
we figured the 1:5 ratio is adequate to form the sinter-resistant shell as EXAFS fitting
results have shown. From a practical point of view, the solubility of many barium
precursors is not high in general, and 1:5 is a reasonable ratio to ensure the full
generation of barium ions in aqueous environment during the synthesis. Higher
loadings of Ba additives may well lead to catalyst pore blocking and the formation of
BaCOz and other NOy trap component that will not serve the purpose of stabilizing Pt
cations. In short, we are trying to create the highly dispersed -O-Ba species on catalyst
surface that can interact with the isolated Pt ions. These species will form exclusively
only at low barium loadings [28], and we do not need abundant barium additives (e.g.
10-20 wt.%) to form the typical lean NOx trap component such as carbonates to
complicate material system with spectator/irrelevant components to the catalysis [29-
30]. The barium-stabilized Pt-Ba/La-Al.Os samples were prepared by sequential
incipient wetness impregnations (IWI) of chloroplatinic acid and barium nitrate with an
interval vacuum drying process at room temperature (RT) for 12 hrs. These impregnated
powders were dried in vacuum at 70 °C overnight, and then transferred to a furnace to
calcine in flowing air at 550 °C for 2 hrs (heating rate 1 °C/min) to obtain what we
denote as “fresh” catalysts. The conventional baseline Pt/La-Al.Oz catalysts were
prepared by IWI, using the same parameters but without adding alkaline earth additives.
The actual loading for Pt determined by inductively coupled plasma atomic emission
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spectroscopy (ICP-AES) ranged from 0.4 to 1.5 wt.% depending on the sample design,
and the weight percentage of platinum was labeled as the numbers at the front of each
sample name. In this work, we chose to use a near 0.5 wt.% Pt loading for in-depth
studies of atomically dispersed Pt, because we estimated from the metal dispersion of
the ~1.5 wt.% Pt catalysts (Table 1) that the maximal capacity of the support to carry
the fully dispersed Pt was about 0.5 wt.%. The minor difference of 0.4 vs 0.5 or 1.4 vs
1.5 wt.% for catalysts with and without Ba was due to the weight dilution from Ba. For
per surface area of the support, the actual concentration of Pt on the La-Al>O3 support
was designed to be the same during the sample preparation.

The 1.2Pt-Ce/La-Al203 catalyst was synthesized by the same approach as that for the
Pt-Ba/La-Al>Oz3 catalysts. Cerium nitrate was the precursor (Pt:Ce atomic ratio= 1:10).

X-ray fluorescence (XRF) analysis confirmed the full removal of —ClI residuals after
the calcination at 550 °C. The Pt-free materials comprising the barium additives were
prepared by IWI onto La-Al>Os. Without platinum, these samples did not bring any
noticeable catalytic behavior in either of the reactions (CO and CzHs oxidation) nor
probe molecule characterizations (CO chemisorption), as was the case for the bare
alumina support. All the platinum catalysts were stored under ambient conditions (no
need to block light or air to maintain catalyst stability) before any in situ treatments and
tests.

The hydrothermally aged samples were obtained by treating the catalysts in flowing
air with 10 % steam at 650 °C for 2 hrs (ramping rate: 10 °C/min). In line with the
earlier reports studying the sintering of the supported platinum species [18-20], we
found the chosen aging temperature and atmosphere incurred rapid sintering of
platinum in the baseline catalysts. We also excluded any noticeable loss of platinum
loading due to the metal vaporization by using the above aging condition. An obvious
Pt vaporization was observed after 750 °C hydrothermal aging for 2 hrs, which is a
separate cause of catalyst deactivation [31-32]. The stable y-Al>Oz is the common
structure detected in all the samples, and the additives do not modify the overall
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structure of the support. In fact, to form compounds between alkaline earth metals and
alumina, calcination to above 800 °C for many hours is required [33]. The control
synthesis allows us to focus on the role of platinum chemistry in defining the catalytic
performances.

2.2 Material characterization

The BET surface area and porosity of the samples were measured by multiple-point
N2 adsorption and desorption cycles in a Micromeritics ASAP 2020 instrument. A
typical physisorption analysis started with an evacuation stage that held at 90 °C for 60
min followed by a heating stage at 350 °C. Both of these stages were at the pressure of
100 mmHg.

The XRD analysis was performed on a D8 advance diffractometer. Cu Ka radiation
(A= 1.5418 A) was used with a power setting of 50 kV and 250 mA. A scan rate of
2 °/min with a 0.02 ° step size was used.

The number of the exposed platinum surface (Pt dispersion) was measured by CO
chemisorption in a Micromeritics AutoChem 2920 instrument. In a typical
measurement, a 100 mg sample was first treated with 10 % O./He at 350 °C for 60 min,
and was then treated with 10 % Ho/Ar at 350 °C for 30 min. The catalyst was cooled
down to 45 °C in a 50 mL/min He purge, and was stabilized under that condition for 30
min. The 10 % CO/He pulses were injected into the sample tube to start the
chemisorption measurement, and a TCD detector recorded the concentration signals.
The CO-Pt adsorption ratio was assumed to be 1:1. However, possible bridge (CO:Pt=
1:2) and trifold (CO:Pt= 1:3) adsorption modes on nearby Pt atoms will reduce the
actual dispersion value. Speaking of the legitimate use of the 1:1 ratio under CO
chemisorption measurement conditions, there are a few classic papers showing that the
1:1 is a common ratio used for reliable cross comparison [34-35]. We conducted the
CO DRIFTS experiment on the two representative aged samples under the same CO
chemisorption conditions to probe the possible contributions from different CO
adsorption modes. As shown in Fig. S3, the linear CO adsorption on Pt is obviously the
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dominated species on our key samples after aging, where the sintered Pt particles with
extended metal surfaces prevalently exist on the aged baseline Pt/La-Al,O3 sample.
Therefore, the use of CO: Pt adsorption ratio as 1:1 was appropriate in this study.

High-angle annular dark-field (HAADF) images of Pt single-atom dispersions on
alumina were obtained at 200 kV using a JEOL 2200FS STEM/TEM instrument housed
in the Advanced Microscopy Laboratory at Oak Ridge National Laboratory. The
2200FS is equipped with a CEOS GmbH (Heidelberg, Ger.) on the probe-forming
lenses; the images were acquired at a collection semi-angle of 26.5 mr, with a nominal
beam current of 30 pA, and with the HAADF detector having inner and outer collection
angles of 110 and 470 mr, respectively. Typical images of single atoms were recorded
at 10 Mx direct magnification, using 32 or 64 microsecond pixel dwell times to give
scan times of 8.5 or 17 sec, respectively. Because the nanoparticles and sub-nm species
have almost equal chance to be imaged on the thin and flat support surfaces, the
platinum species (> 300 total counts) near the edge of the support particles in different
regions were counted and analyzed.

The X-ray absorption spectroscopy (XAS) scans were collected in a fluorescence
mode with a 13-channel Ge detector at the 12-BM of the Advanced Photon Source
(APS) at Argonne National Laboratory. The X-ray absorption edge energy for Pt Ly
2p32 edge was calibrated to 11564 eV by Pt foil in each scan. For each data collection
point, five consecutive scans (each lasts for about 30 min) were acquired. The reaction-
spent catalyst had been stabilized in three cycles of light-off tests (H. pretreatment;
Reaction: 5000 ppm CO- 500 ppm HCs- 1.0 % O2- 5 % H20- N2 balance; 100-350 °C;
ramping rate: 2 °C/min) and cooled down to RT in N2 purge. The reference spectra of
Pt(1V), Pt(I1), and Pt(0) (i.e. PtO2, Pt(NHs)4(NOz)2, and Pt foil) were collected at RT in
static air. The Feff models of Pt foil, PtO> film, PtO film, and BasPtOs were used to fit
the 1% shell Pt-Pt and Pt-O coordination conditions. The X-ray absorption near edge
structure (XANES) data was processed by the Athena software, and the extended X-

ray absorption fine structure (EXAFS) data was analyzed by the Artemis software.
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The X-ray photoelectron spectroscopy (XPS) was performed on a VG Multilab 2000
system. The spectra were collected using Al Ka (1486.6 eV) radiation, and the overall
energy resolution was about 0.45 eV. The single C1s peak was calibrated to 284.8 eV
for all our samples.

2.3 Reaction test

The light-off testing and kinetic measurements were conducted in a packed-bed flow
microreactor. Prior to each light-off test, the catalyst powders were heated in N2 from
RT to 100 °C in the reactor, then the sample was pretreated with 5 % H2/N; at 250 °C
for 30 min and cooled down to 100 °C in N2. To start the light-off test in a slightly lean
condition (simulating lean-burn gasoline engine emission), the feed gas stream was
switched to 5000 ppm CO- 500 ppm HCs (C3Hes:C3Hg= 2:1)- 1.0 % O2- 5 % H>0- N>
balance; 0.5 L/min; contact time: 1,500,000 cm? gea* h™t. The catalyst bed was first
stabilized in the reaction gas stream at 100 °C for 30 min, and was then heated up to
350 °C at a ramping rate of 2 °C/min. Lower temperatures for the oxidation of CO and
CsHs translate into higher activity of the catalysts. The conversion of CsHs was
consistently zero below 350 °C. To calculate the apparent activation energies of CO and
C3Hs oxidations, the measurement of the steady-state reaction rate began at the highest
reaction temperature and lasted for 2 hrs before cooling to lower testing temperatures
(hold for 1 hr at each target temperature). As the last step of the reaction rate
measurement, the reaction temperature was ramped up to the highest steady-state
reaction temperature to confirm the repeatability. A typically 20 mg sample diluted with
200 mg of quartz sand was used to ensure that the heat transfer issue is dampened. The
reactor tube has a diameter of 5 mm and length of 20 mm to avoid short channeling.
Over- or unstable- heating issue due to the exothermic reaction is also not noticed by
placing the thermocouple at front- and mid- catalyst bed to check for possible
temperature gradients and turbulences. The film diffusion resistance was excluded by
changing the flow rate with the fixed amount of catalyst, until a constant reaction rate

was achieved, in that a high contact time (1,500,000 cm?® gear* h™) has been used. The
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overall conversion has been held under 20 % to avoid the significant contribution from
mass transfer during the kinetic measurement. A detailed quantitative estimation of the
avoided pore diffusion impact for our catalytic reaction was shown in the Sl (the pore
diffusion issue). The same reaction gas atmosphere was used as a starting/ending feed
stream condition for checking the CO oxidation reaction orders at 200 °C. To measure
the reaction orders, the CO concentration was adjusted from about 1000 to 10000 ppm,
and the O concentration was adjusted from 0.5 to 2 %, respectively. Another set of
light-off tests with a typical high oxygen concentration (500 ppm CO- 500 ppm HCs-
500 ppm NO- 5.0 % O2- 5 % H>O- N2 balance; 100-350 °C; ramping rate 2 °C/min;
contact time: 1,500,000 cm?® gear* h) was used to simulate the catalytic conversion of
diesel engine exhaust. Lower temperatures for the oxidation of CO, C3He, and NO
represent the more desired activity of the catalysts. The intentional formation of NO> is
to accelerate the selective catalytic reduction of NOx located downstream of the
emission control systems [36]. The feed and product gas streams were analyzed by a
Nicolet 6700 FTIR equipped with an MCT detector and 3 m gas cell. The gas
concentrations of H20, CO, CO2, CsHs, CsHs, NO, NO2, and N2O were monitored in
every 9 sec. The carbon and nitrogen balances were closed in the repeated tests, and the
formation of NHs and N2 was not observed at any noticeable level. The kinetics
measurement error was below 10 %. The presence of HCs and steam each brought less
than 5 % difference to the measured reaction rates. Even without any O> present in the
feed gas stream, the water-gas shift reaction did not happen at any noticeable level until

above 270 °C.

3. Results and discussion

3.1 Improved catalytic performance driven by high and stable Pt dispersion

The overall structural properties and Pt dispersions of the various catalysts are
summarized in Table 1. The Pt dispersion of 77 % for the fresh 0.5Pt/La-Al.O3 catalyst

implies an overall fine dispersion of the supported Pt species. However, a severe Pt
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sintering in the aged 0.5Pt/La-Al>O3 catalyst took place during the hydrothermal aging,
where the platinum dispersion decreased to 24 % from 77 %. Agreeing with the
literature [23], the well-dispersed Pt species don’t have adequate sinter-resistant
performance on La-Al>O3 support. Excitingly, there are almost 100 % dispersions of Pt
in both fresh and aged 0.4Pt-Ba/La-Al.O3 catalysts, highlighting the profound
stabilization effect of Ba additives to the Pt during the hydrothermal aging. Even at
higher Pt loadings, the aged 1.4Pt-Ba/La-Al.O3 catalyst shows a Pt dispersion of 36 %,
which is still about two times higher than the corresponding aged 1.5Pt/La- Al>Os
counterpart. This group of number also teaches us that the maximal capacity of the
current catalysts support to carry the fully dispersed Pt should be around 0.5 wt.%. We
therefore designed our key samples using such a practical loading in the following
work.

The XRD patterns for the representative aged catalysts are shown in Fig. 1. The
baseline catalyst, aged 1.5Pt/La-Al>Og3, is used as a reference to clearly show the
diffraction peaks of Pt metal. After hydrothermal aging at 650 °C, the alumina support
remains a complete y phase in all the catalysts. However, sharp diffraction peaks of Pt
metal show up in the aged 0.5Pt/La-Al>Os catalyst, suggesting the severe sintering of
the originally fine dispersed platinum species into metallic Pt particles. In contrast, the
aged 0.4Pt-Ba/La-Al>O3 catalyst does not show any platinum metal crystals from XRD,
and the introduction of Ba additives also doesn’t bring any noticeable modifications to
the alumina support. This again indicates that the Ba additives stabilize the Pt species
by inhibiting the Pt sintering.

Next, we tested the catalytic performance of the representative aged catalysts in a
simulated lean-burn gasoline engine emission. A set of light-off concentration profiles
for the CO and CsHe oxidation are shown in Fig. 2. It turns out that the aged catalyst
with barium components is indeed more active than the catalyst without Ba for the
conversion of CO and CsHe, and the extent of the activity improvements is positively
correlated with the improved Pt dispersion (Table 1). Noted that although the improved
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reaction rate and turnover frequency (TOF) are among the highest values reported in
the literature [37], the absolute temperatures for reaching a certain conversion are not
as low as in a few other reports [17, 37]. This is because a high contact time (20 mg
sample, 0.5 L/min feed gas stream, contact time: 1,500,000 cm? gear L h) has been used
to reflect the real-world operation conditions.

To further confirm the stability of the catalysts with and without Ba additives, the
cyclic aging-tests under simulated diesel engine emission conditions were conducted
on the two representative samples, as shown in Fig. 3. The platinum catalytic sites in
the fresh 0.4Pt-Ba/La-Al.O3 sample stays stable during the course of the reaction up to
aging temperatures for multiple cycles and over 48 hours, while the accumulated
catalytic capability of the fresh 0.5Pt/La-Al,O3 sample deteriorates after the extensive
exposure to reaction atmosphere and high-temperature spikes, indicating the good
stability of Ba additive sample. The light-off activity and stability tests illustrated the
advantage of Ba-stabilized Pt catalyst for the pollutant purification reaction in typical
types of lean-burn engine emissions.

Kinetic measurements were conducted to probe the true active Pt sites for CO and
C3Hs oxidation, as shown in Fig. 4 A & B, and the corresponding catalytic performance
comparisons are summarized in Table 2. Interestingly, similar Ea of 86 and 106 kJ/mol
for the respective CO and CzHs reaction has been observed in all the investigated
catalysts (the activation energy numbers are close to those values previously reported
[38-40]), indicating the addition of barium stabilizers and the evolution of sintered Pt
structures would not change the overall reaction route. With a closer observation on the
activity, we found the fresh 0.5Pt/La-Al2O3 exhibits similar CO and CsHe oxidation
activity, compared with the featuring 0.4Pt-Ba/La-Al>O3 samples, indicating the overall
catalytic performance of the Pt/La-Al.O3 (with or without barium stabilizers) catalysts
is determined by only one dominant type of platinum active site, that is, the dispersed
platinum. After hydrothermal aging at 650 °C for 2 hrs, the activity of the aged 0.4Pt-
Ba/La-Al,O3 catalyst remains similar with the fresh counterpart, while it decreases
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dramatically for the aged 0.5Pt/La-Al>Os catalyst, and the drop of catalytic activity is
directly associated with the dramatic decrease of Pt dispersion (Table 1). Compared
with the hydrothermally aged 0.5Pt/La-Al.Oz catalyst that carries a similar amount of
platinum, the 0.4Pt-Ba/La-Al.O3 catalyst triples the amount of the actual exposed
platinum surfaces, and this translates into three times faster CO oxidation rate and ten
times faster CsHg oxidation rate (due to the increasing availability of Pt sites and less
competition from the prioritized CO oxidation reaction). This indicates that the La-
Al>O3 support alone was not fully adequate to stabilize the full dispersion of Pt during
hydrothermal aging. A linear relationship between the CO oxidation reaction rates and
the amount of the exposed Pt surfaces measured by CO chemisorption was also
confirmed, indicating the active sites is indifferent to the presence of barium additives
(Fig. 4 C).

Reaction order tests were also performed to further probe the properties of platinum
active sites and confirm the effect of barium additives, as shown in Fig. 5. The baseline
Pt/La-Al,O3 catalysts and the sinter-resistant Pt-Ba/La-Al.O3 catalysts share the same
reaction orders: 0.49 and 0.43 for CO and O respectively. Therefore, we can conclude
that the barium additives will not change the nature of the Pt catalytic center on La-
Al>Oz. There must be a common dominant catalytic site in both catalysts that steers the
CO and CzHs oxidation reactions. Being different in a classic Pt/Al.O3 system for CO
oxidation, it has been well documented that the reaction orders for CO and O are near
-1 and 1 respectively [41]. Our internal work on Pt/Al,O3 catalysts also confirmed the
reaction orders are -0.8~ -1.1 and 0.7~ 1.1 for CO and O, respectively. Therefore, we
are not arguing against the classic wisdom in this work, but reporting the new findings
as the current benchmark Pt/La-Al,O3 catalysts no longer behave in the exact same way
as we learned from the classic Pt/Al.Oz system. We consider the key differences are
attributed to the nature of catalytic center as isolated cationic Pt that leads to weaker
CO adsorption [42-43], likewise to Pd [9, 44], the presence of H20 in the reaction that
moderates the CO inhibition on Pt [45-46], and the presence of CsHe that competes with
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CO for Pt sites [47-48]. A more detailed discussion of the measured kinetic parameters
and their implication to the catalytic route for the given material system will be
discussed later in the paper, after the true catalytic center and its’ intrinsic activity have
been explicitly identified.

Notably, increasing the platinum loading to 1.4Pt-Ba/La-Al>O3 resulted in minor
improvement over the baseline 1.5Pt/La-Al2Os catalyst. This is because in both
catalysts the capacity to disperse atomically the Pt had been exceeded, as indicated by
the presence of aggregated platinum nanoparticles (Pt not fully dispersed) identified by
CO chemisorption (Table 1). In these samples, the number of exposed Pt atoms
estimated by CO chemisorption was between 13-25 pumol/geat, meaning that an ideal
sinter-resistant catalyst bearing a 0.3-0.5 wt.% of fully dispersed platinum active sites

would catalyze the reactions equally well.
3.2 Retaining the atomically dispersed Pt species leads to high Pt dispersion

The HAADF-STEM figures for fresh 0.5Pt/La-Al.Oz and 0.4Pt-Ba/La-Al2Os
catalysts are shown in Fig. 6. It is observed that there are no discrete large nanoparticles
at low magnifications (Fig. 6 A & C, inset) in either catalysts, as their high measured
Pt dispersion already indicated. An abundance of atomically dispersed elements shows
up at high magnifications in both samples. The contrast of the atomic species in
HAADF-STEM is approximately in proportion to the square of the atomic numbers for
each element in the periodic table. Compared with platinum atoms, the lanthanum and
barium atoms are about two times lower in contrast, but much brighter than alumina
support. Therefore, it is probable that the isolated atoms with slightly lower contrast are
the lanthanum ions or the barium additives on the alumina surface [49-50]. However,
their presence doesn’t disguise the existence of the atomically dispersed platinum,
which should be shown as the brighter dots and there are no Pt particles in those samples
to potentially contribute to any alternative form of Pt presence. A few sub-nm clusters
without showing any organized crystal planes are also observable at high

magnifications, especially on the fresh 0.5Pt/La-Al>O3 catalyst, but the rare presence of
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these small clusters does not seem to be the prevalent Pt species either. To further
confirm this, CO chemisorption shows that the Pt was measured to have close to 100
% dispersion for the fresh 0.4Pt-Ba/La-Al.O3 catalyst (Table 1), indicating the Pt sites
must be fully dispersed species. Therefore, we estimate that the Pt mostly retains
atomically dispersed in the fresh 0.5Pt/La-Al,Oz and 0.4Pt-Ba/La-Al,Oz catalysts. XAS
analysis will further confirm that the atomically dispersed platinum species are the
dominant components in the two fresh samples (see latter discussion for XAS data).
After hydrothermal aging at 650 °C for 2 hrs, large nanoparticles with a size range
from 20 to 300 nm are observed in the aged 0.5Pt/La-Al,Os catalyst (Fig. 7 A & B,
inset). The EDS analyses on those large particles show that the large aggregates are Pt
metal only, rather than any possible new compounds forming with other element such
as La and oxygen (Fig. 7 C). This is consistent with the detection of large Pt metal
crystals in XRD (Fig. 1). Indeed, the dramatically lower Pt dispersion of 24 % for the
aged 0.5Pt/La-Al>Oz3 catalyst implies the sintering of well dispersed Pt atoms (Table 1).
However, we found that the well-established theoretical relation between the metal
crystal size and metal dispersion (Particle Diameter (nm) =~ 1/Dispersion (%)) [51]
could not explain why the aged 0.5Pt/La-Al.Oz catalyst with platinum particle sizes
from 20 to 300 nm retains 24 % platinum dispersion. To our surprise, the microscopy
results at atomic resolution reveals the possible presence of the atomically dispersed
platinum species on the surfaces of the aged 0.5Pt/La-Al.O3 catalyst (Fig. 7 A & B),
and XANES and EXAFS analyses will confirm the existence of such atomically
dispersed platinum (see XAS analysis in latter sections). Note that we didn’t find any
sizes in between the single atoms and large particles after aging. Previous work from
Datye’s group [9, 44] also found that such a La-Al>Oz support is particularly capable in
creating the atomically dispersed PGM species even through conventional incipient wet
impregnation synthesis. However, in terms of sintering resistance, the work from
Datye’s group also found that the Pd single atoms tend to sinter easily even at very mild
reaction temperatures (100 °C), and thus jeopardized the CO oxidation catalytic activity
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instantly [9]. We therefore conducted a systematic study on this subject to deliver a
refreshed consideration of the Pt/La-Al2Os catalysts by revealing what the Pt species
are on the very support and which of them are active in a context of applied catalysis.
As an extra step, we tried to stabilize the highly active sites that can otherwise sinter
severely. Encouragingly, all the platinum remains atomically dispersed in the aged
0.4Pt-Ba/La-Al>03 catalyst, and no sintered platinum particles are observed in any
STEM images (Fig. 7 D & E), agreeing well with the CO chemisorption results (Table
1). Regarding to the homogeneity of our single atoms, it has a lower extent of
homogeneity than the more fundamental-oriented studies recently reported [52-53] due
to our higher Pt loadings (~0.5 wt.%). As shown in Fig. S3, the CO adsorption peak at
~2105 cmt can be attributed to the adsorption on the cationic Pt single atoms, and the
FWHM of the IR is about 30 cm™. This value is clearly larger than the 6-8 cm™ reported
by Christopher’s group on the highly clean system of one Pt atom on each TiO particle
[52], confirming the lower extent of homogeneity of the obtained application-oriented
Pt single atoms. However, our FWHM of the aged sample is still largely in par with
many other single-atom Pt on CeO; (=35 cm?, [54]), FeOx (=35 cm™, [8]), m-Al.Os
(~25 cmt, [17]) and HZSM-5 (~25 cm't, [16]), corroborating the legitimate detection
of the single-atom dominating nature in our sinter-resistant Pt-Ba/La-Al2O3

formulation.

3.3 The chemical environment of the single-atom Pt species and the stabilization of the

Pt by -Ox-Ba stabilizers

The XAS results help us to confirm that the surface —O- linkages are the species to
keep the platinum catalytic sites atomically dispersed. For the as-received catalysts, the
XANES data (Fig. 8 A) reveals that cationic Pt(IV) ions are the major platinum
components in the fresh Pt/La-Al>O3 and Pt-Ba/La-Al>Oz3 catalysts, all of which have
high Pt dispersion (Table 1). The difference between the Pt/La-Al,Oz and the sinter-

resistant Pt-Ba/La-Al2Os catalysts shows up after the hydrothermal aging. The decrease
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of the XANES white line intensity for the aged 0.5Pt/La-Al>O3z and 1.5Pt/La-Al203
catalysts indicates the reduction of the Pt ions. Such a trend is accompanied by the
parallel EXAFS results shown in Fig. 8 B, where a clear transition of Pt-O to Pt-Pt bond
in the aged 0.5Pt/La-Al.O3 and 1.5Pt/La-Al>O3 catalysts can be tracked. These findings
are in agreement with the formation of sintered platinum metal particles observed by
CO chemisorption and XRD (Table 1 and Fig. 1). Notably (and consistent with the
HAADF-STEM findings for the aged Pt/La-Al>O3z catalysts), there is still a remaining
feature of Pt-O bond representing the dispersed platinum species in those aged Pt/La-
Al>O3 catalysts. Therefore, the platinum components in the aged Pt/La-Al.Os3 catalysts
have a bimodal size distribution, comprising the dispersed atoms plus particles.

Afull list of coordination conditions obtained by fitting the EXAFS data can be found
in Table 3. The minimal Pt-Pt coordination contribution in the 0.4Pt-Ba/La-Al,O3
catalysts rules out any significant presence of the sintered Pt clusters or particles within
the experimental/fitting error. For example, even with a 100 % weighted contribution,
a typical ~1 nm metal clusters will give a Pt—Pt coordination number about 4, and a Pt-
Pt dimer will only give 1 as the Pt—Pt coordination number [55-56]. Therefore, the
atomically dispersed Pt1Ox- species must be the dominant components in those Pt/La-
Al>O3 catalysts with and without Ba additives that have high Pt dispersion.

With the platinum atoms fully dispersed and their intrinsic activity intact, the 0.4Pt-
Ba/La-Al,O3 catalysts serve as an excellent platform to understand the nature of the
active platinum sites on alumina-based materials. The XANES analysis of the Pt Ly
edge for the reaction-spent catalysts (three consecutive light-off cycles up to 350 °C)
shows that the platinum stays as Pt(I1) in both fresh and aged 0.4Pt-Ba/Al>O3 catalysts
(Fig. 8 A). The corresponding Pt-O coordination number decreases by about 50 %
without any simultaneous Pt-Pt bond formation (Fig. 8 B). Therefore, the change of the
coordination condition is not due to the platinum sintering, but due to the self-
adaptation of the catalytic center to the pretreatment and reaction condition. Whether

the 0.4Pt-Ba/La-Al203 catalysts have been aged will not alter this observation. In the
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reaction-spent 0.4Pt-Ba/La-Al,Os catalysts, the single catalytic center structured as
Pt(I1)-Ox- (x = 2-3) (Fig. 8 and Table 3) matches with the computational models
constructed by Moses-DeBusk et al. very well [57]. The first-principles DFT study
proposed that a Pt-oxo- structure was the highly active site for the CO oxidation, where
the alumina substrate was not part of the catalysis. In fact, the similarly structured Pt-
0xo- sites were also experimentally found on KLTL zeolites [7] and FeOx [8], both of
which were designed for CO oxidation below 150 °C.

For the sinter-resistant 0.4Pt-Ba/La-Al2Os catalysts, the hydrothermal aging
treatment did not change the overall chemical valence of the cationic platinum species,
according to the XANES data. The corresponding EXAFS data (Fig. 8 B and Table 3)
for the fresh and aged 0.4Pt-Ba/La-Al20O3 catalysts also shows that there is essentially
no change of the Pt-O coordination condition. This demonstrates that the atomically
dispersed platinum species is adequately stabilized by the nearby oxygen linkages in
the 0.4Pt-Ba/La-Al203 catalyst.

The XPS analysis for Ba 3d (Fig. 9) shows that barium additives have a stable
chemistry in all the 0.4Pt-Ba/La-Al,Oz catalysts before and after the reaction. The Ba
3d peak position alone may not precisely reveal if the barium ions were associated with
carbonates or —O- linkages, but the presence of the carbonates species (corresponding
C1s peak located at 289.1 to 290.8 Ev [58]) was excluded by the C1s single peak
location (always near 284.8 eV) and XRD results (Fig. 1). Therefore, it is the —Ox-Ba
linkage that facilitates the stabilization of the atomically dispersed platinum species on
alumina support. These chemical linkages to Pt have been proved to be more stable than
the previously reported Pt—Ox-La linkages [24] to survive the hydrothermal aging. The
most surprising is that with the stabilization of —Ox-La and —Ox-Ba linkages together,
the Pt-Ox coordination condition changes during reaction but still inhibits the
aggregation from single atoms to nanoparticles (Fig. 8 B and Table 3).

The activation and Pt-Ox coordination condition similarities on fresh catalysts with
and without Ba indicate that the impact of barium is indirect in defining the catalytic Pt
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center (Fig. 4 A & B, Table 3). After looking at more Pt/La-Al,O3 and Pt-Ba/La-Al203
catalysts, we found that the addition of tiny amounts of barium did not change the
apparent activation energy (Fig. 4 A & B, Table 2), reaction orders (Fig. 5), nor the
alumina texture (Table 1) in either fresh or aged states, but survived the catalytic center
in cyclic aging tests (Fig. 3). The linear relationship between the CO oxidation reaction
rates and the amount of the exposed Pt surfaces measured by CO chemisorption also
demonstrate that the active sites have no relevance to the barium additives (see Fig. 4
C). These results unequivocally show that the effect of barium is catalytically indirect
— the barium additives are the stabilizers for the original active platinum catalytic

center on La-alumina.

3.4 Sintered Pt particles are not the true catalytic domain in CO and CsHs oxidation

reactions

To validate our estimation based on various experimental observations that the
atomic Pt;Ox- species are the catalytic center for the Pt/La-Al,Os catalysts with and
without Ba, we need to quantify the number of the platinum single atoms and metal
particle surface atoms in each catalyst firstly. Counting of the single atoms in HAADF-
STEM figures is a good method, but we can’t distinguish the exact platinum single
atoms in the presence of La and Ba sites due to the resolution limit of EDS. However,
for those Pt/Al>Os catalysts that carry the exclusive (or mostly) PtiOx- species on
alumina, the exact Pt-O coordination condition can be determined by EXAFS, without
the undesired interference from sintered metal particles. Considering the interferences
from CO and —OH adsorption under reaction conditions, we use the data from the as-
received catalysts without being exposed to reactions to more precisely quantify the
various sites. This “calibrated” result will help us to determine the volume weight of
the same atomic Pt1Ox«- species in other Pt/Al,O3 catalysts comprising sintered particles.
From the Pt(1\VV)O2 film and BasPt(1VV)Os Feff models we adopted for EXAFS fitting,

the stable platinum atoms were found to complex with six surrounding oxygen atoms.

20



From the EXAFS analysis data (Table 3), the actual Pt(IV)-O coordination numbers are
above 5 in the as-received 0.4Pt-Ba/La-Al.O3 catalysts, but the minor Pt-Pt bond
contributions must have brought down the average Pt-O coordination number slightly.
According to this evidence, the atomically dispersed platinum atoms on alumina are
most likely coordinating with six 1% shell oxygen atoms, and this will be the calibrated
structure for any atomic Pt:Ox- species in the as-received catalysts. For the platinum
metallic particles, Miller et al. revealed the relation between the Pt-Pt coordination
number and the number of exposed platinum atoms of a given metallic particle
systematically [55], we can estimate the number of surface platinum atoms on the
sintered particles by the volume-weight-adjusted EXAFS fitting numbers. Therefore,
we can statistically estimate the population of the Pt atoms staying either as atomically
dispersed species or residing on the surface of the sintered metallic particles with
volume-weight of each species been adjusted. The following relations between the

measured value and the portion of the different platinum sites have been used:

Measured CNp;_g
= (Standard CNp;_y of PtO, film)
X (Mole Ratio of the Atomic Pt,0,)

Pt Dispersion from Pt,0, Contribution (%)
= (Mole Ratio of the Atomic Pt,;0,) X 100

Nanoparticle

Measured CNp;_p, = Z (Mole Ratio of Pt) X (True CNp;_p;)

Single Atom

Pt Dispersion from Pt° Particle Contribution (%)

= (Mole Ratio of the Pt as Metallic Particles)
% 10~0-130(£0.005)x(True CN p;—p;)+2.58(+0.04)

The quantified results for atomic Pt;Ox- species and sintered platinum nanoparticles are

summarized in Fig. 10.
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Next, we further casted the turnover frequency (TOF) by dividing the overall CO
oxidation rate over the number of atomically dispersed platinum atoms from the Pt;Ox-
structure. The obtained TOFs stay similar for all the catalysts, around 1.35 s at 200 °C,
indicating the sinter-resistant Pt;Ox- species is the true site catalyzing the CO and C3Hs
oxidation on La-alumina (Fig. 10), not the sintered Pt particles. Our newly developed
sinter-resistant Pt-Ba/La-Al,Os catalysts are clearly one of the more active single-atom
Pt catalysts using no-reducible supports [7, 17, 37]. In a broader scope of material
choices, important recent work reported that the Pt/Al,O3 catalysts become highly
active for CO oxidation at the optimal Pt particle size of 2-4 nm [59, 60]. We
extrapolated these reported activity data to our measurement conditions by taking both
temperature and gas concentrations into consideration, and found the intrinsic activity
per Pt site in these reported catalysts are within the same magnitude as our best samples
have (0.20-0.41 s in [59, 60] and 1.35 s in our case). A detailed calculation of those
results was included in SI (the TOF comparisons). Since we won’t be able to host an
abundant presence of 2-4 nm Pt metal nanoparticles on the La-Al>Os support in this
work due to the material nature, we will not make a judging statement that whether the
single-atom Pt;-Ox species is more active than the 2-4 nm Pt metal nanoparticles,
despite the favoring numbers for the single atoms through the preliminary estimation.
We hope to reiterate that the findings from our present work is not in conflict with the
claims in literature, pointing that the low-coordinated and reactive surface Pt atoms [59]
and the edge, terrace Pt atoms [60] can be highly effective catalytic components for the
CO oxidation reaction. In our system, the alternative structure as Pt1-Ox simply provides
a promising platform to retain a high intrinsic activity per Pt atom, and ensures a 100 %
Pt material utilization efficiency in the meantime. The latter cannot often be met
through a typical Pt nanoparticle system, where not all the Pt atoms are exposed on the
surface to catalyze reactions when the Pt particle size is larger than 1 nm. Notably, the
thermal durability of our new single-site catalysts has been enhanced to tolerate much
more demanding operation temperatures and realistic reaction atmosphere.
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Moreover, compared with the more conventional Pt/ceria-based formulation that also
improves PGM dispersion, our new Pt-Ba/La-Al.O3 catalysts are particularly
advantageous to CO, CsHe, and NO oxidation in the lean-burn exhaust (Fig. 11). In
agreement with other earlier reports [14, 15], the 1.2Pt-Ce/La-Al>O3 catalyst delivers
inferior catalytic performance in the oxygen-rich atmosphere. Alternatively, if only
testing the samples under a simple gas mixture near a stoichiometric condition: 1 %
CO- 0.5 % 02- 5 % H20- N2 balance (contact time: 1,500,000 cm?® gear’* h%), the aged
1.2Pt-Ce/La-Al>0O3 catalyst was able to reach 50 % CO conversion near 150 °C, while
the aged 1.5Pt/La-Al>O3 catalyst could not reach 50 % CO conversion until above 225
°C. These findings reinforce our view that developing a stable high dispersion Pt/La-
Al>O3 catalyst is practically important, and the task cannot be circumvented by using
ceria-based materials for the scenario of oxygen-rich reactions.

The above thread of single-atom catalysis does not necessarily rule out the possibility
that a tiny portion of the sintered platinum nanoparticles, such as the coordination-
unsaturated corner and perimeter platinum atoms [59, 61], analogous to the palladium
and gold nanoparticles [61-64], might be comparably active in catalytic reactions.
Nonetheless, our finding unequivocally points out that the sintered platinum
nanoparticles (20-300 nm) are predominantly a spectator species in the emission-
cutting catalysis, although these particles often have major presence in various
characterization results for automotive catalysts. Catalyst development merely focusing
on mitigating sintered PGM particles may not produce optimal outcomes.

3.5 The implications from the kinetics of the single-atom catalysts

To probe the reaction mechanism indicated by our kinetic measurement, we proposed
a possible reaction path and derived the rate equations. The reaction orders we
measured indicate that both the CO and O are the most abundant reaction intermediates
during the reaction over our catalysts. Since the active catalytic center is single-atom
Pt, rather than an extended Pt surface with multiple identical neighboring sites, we
consider that CO and O molecules will adsorb and be activated on distinctive sites.
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Namely, CO may adsorb on the single-atom Pt, while Oz will adsorb and be activated
on the Pt-O-support interface, being similar to what the single-atom Pd/y-Al,O3 catalyst
does [9]. Assuming the H2O as a co-catalyst that can be canceled out in reaction steps,

the simplified overall reaction route becomes:

CO+o1===C0(a)

k-1

02+ 202 =—==20*(q)

k-2

CO(a)+O0*(a)—2—>COxAa)—L2>CO:

Where o1 is the CO adsorption site on Pt single atoms, o2 is the O, adsorption site on
the Pt-O-support interface.

When CO adsorption, Oz adsorption and dissociation reach equilibrium, the reaction
rate can be:

K1k3Pcov/ K 2Po:

r =
(1+ K1Pco)(1+ v K2Po2)

K1=ﬁ Kzzﬁ
K-1 K-2

Since the adsorption of Oz is usually weak, thus

1++K2Po: =1
Kik3sPcov/ K 2Po,

N (1+ K1Pco)

We got an Oz reaction order of ~0.5, which is consistent with the numbers we measured.
In terms of the positive reaction order for CO observed experimentally, it relies on the
value of K that is mitigated by the catalytic formulation and reaction gas conditions.

When K is very large, 1+K1Pco = KiPco, then

r =ksvK2Po:

The reaction order for CO will be 0.

To another extreme, when Kj is close to 0, 1+Ki1Pco = 1, then

I = KikzPcov/ K 2Po:

The reaction order for CO will be 1.
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Therefore, the measured CO reaction order will land between 0 and 1 in an actual
reaction. In this study, both the presence of water and CsHe in our feed gases will
weaken the adsorption of CO if compared with a scenario of a simple CO+O: reaction
on a classic system of Pt metal nanoparticles supported on pure alumina [45-48]. In
addition, from the perspective of our catalytic materials, the catalytic Pt center as single-
atom cationic species in the Pt/La-Al,O3 formulation with or without Ba leads to weaker
CO adsorption, as the high wavenumbers for CO-Pt IR peak (Fig. S3) and a few recent
studies indicated [9, 42-44]. Revisiting the kinetic rate equation, these factors discussed
above contributed to the weakened CO adsorption together, resulting in a reasonably
small K1. A positive reaction order for CO therefore becomes feasible. This observation
is of significant value for practical applications as well, as the positive reaction order
of CO indicates a lower possibility of CO poisoning of PGM that inhibits the CO
oxidation [41]. For the CO oxidation on the conventional Pt/Al.Os catalysts, where the
active sites were Pt metal nanoparticles, earlier work from General Motors R&D
showed that a positive reaction order for CO becomes possible when CO concentration
must be less than 400 ppm in the presence of 1 % O at 200 °C [65].

Regarding the similar Ea to the classic CO oxidation on Pt/Al>Os catalysts, it should
be simply a coincidence as both the chemistry of single-atom Pt catalytic center and the
reaction orders for CO and O are suggesting a different catalysis. The reaction
environment and material’s nature are both quite different from the classic Pt/Al>Os

studies performed in literature [38, 66].
4.  Conclusions

In this work, the otherwise highly unstable single-site Pt;Ox- catalytic species on the
La-alumina surface has been effectively stabilized by barium additives through surface
oxygen linkages. The same active but more stable catalytic sites can survive the reaction
stream and hydrothermal aging up to 650 °C. We have demonstrated that the concept of
heterogeneous single-atom catalysis applies to high operating temperatures, and using

inert oxides such as alumina-based materials to carry those atomic catalytic centers is
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indeed possible. The knowledge garnered from this work may pave the way for
implementing the concept of single-atom catalysis into various industrially important

processes that operate in harsh reaction conditions.
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Table 1 The overall structural properties and Pt dispersions of the platinum catalysts

Sample Overall texture Pt dispersion (%)
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0.5Pt/La-Al>O3 fresh
0.5Pt/La-Al»O3 aged
0.4Pt-Ba/La-Al,O3 fresh
0.4Pt-Ba/La-Al,O3 aged
1.5Pt/La-Al>O3 aged
1.4Pt-Ba/La-Al;,O3 aged

Average pore size ~10
nm;
Adsorption isotherm 1V
for all samples;
BET surface area: 190+ 7

m2/ Ocat

77
24
95
90
17
36
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Fig. 1. The XRD patterns of the aged Pt/La-Al,Os and Ba-stabilized- platinum catalysts.
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Fig. 2. The light-off conversion profiles of (A) CO oxidation and (B) CsHe oxidation for the
representative aged catalysts. Reaction condition (simulated lean-burn gasoline condition): 5000 ppm
CO- 500 ppm HCs- 1.0 % O2- 5 % H,O- N balance; 100-350 °C; ramping rate 2 °C/min; three
consecutive light-off cycles; contact time: 1,500,000 cm? geart hL.
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200 °C after the fresh catalysts being exposed to the aging temperature of 650 °C for 30 min in reaction
atmosphere (500 ppm CO- 500 ppm HCs- 500 ppm NO- 5.0 % O2- 5 % H20O- N balance; ramping
rate 10 °C/min; ten consecutive test cycles; contact time: 1,500,000 cm? gear* h2).
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Fig. 4. Different catalytic performance but same intrinsic activity of the various platinum catalysts.
Arrhenius plots of (A) CO oxidation reaction rates and (B) CsHe oxidation rates in simulated lean-
burn emission condition (5000 ppm CO- 500 ppm HCs- 1.0 % O2- 5 % H»O- N2 balance; contact
time: 1,500,000 cm?® geart h' ) of the fresh and aged catalysts. The similar apparent activation
energies (Ea) for each reaction were shown in the figures. (C) A linear relationship between the CO

oxidation reaction rates and the amount of the exposed Pt surfaces measured by CO chemisorption.
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Fig. 5. The measurement of the CO and O reaction orders by rate law. Feed gas: 5000 ppm CO- 500

ppm HCs- 1.0 % O.- 5 % H2O- N balance as the starting/ending gas feed stream to check

repeatability; 200 °C; 5 L/min; CO conversion <20 %.
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Table 2 Key chemical properties and catalytic behaviors of the baseline Pt/La-AlOs and the Pt-

Ba/La-Al;O3 catalysts
Ea (kJ/mol)” Reaction orders” Converting rate”
State of
Samples Cco CsHs
CcO 0, Pt CO CsHs
oxidation  oxidation
atomic
0.5Pt/La-Al,03 3x 10x
Ptlox'
fresh faster faster
only
atomic
0.5Pt/La-Al,O3 PtiOx-;
1x 1x
aged bulky Pt°
NPs
atomic
0.4Pt-Ba/La-Al,03 3x 10x
Pthx'
fresh g6+5  104£10 049 043 . loster  faster
y
atomic
0.4Pt-Ba/La-Al,03 3x 10x
Pthx'
aged faster faster
only
1.5Pt/La-Al,O3
aged

1.4Pt-Ba/La-Al,03

aged

*The Kinetics were measured in a simulated lean-burn emission condition (5000 ppm CO- 500 ppm

HCs- 1.0 % O,- 5 % H20- N balance; contact time: 1,500,000 cm? gear* h't). The reaction orders

were determined at 200 °C by adjusting the CO and O concentrations in the above gas mixture and

limiting the overall CO conversion below 20 %. 1A conclusion combining Pt dispersion (by CO

chemisorption), Pt morphology (by HAADF-STEM), and Pt coordination chemistry (by XAS)

results. The values shown at the front of sample labels are wt.% Pt.
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Fig. 6. A typical series of HAADF-STEM images of the fresh (A)(B) 0.5Pt/La-Al.O3 and (C)(D)
0.4Pt-Ba/La-Al,O3 catalyst showing few sub-nm platinum clusters and primarily (count frequency >
95 %) atomically dispersed platinum species (0.2-0.3 nm). Note scale markers.
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(D)

Fig. 7. Atypical series of HAADF-STEM images of (A)(B) the hydrothermally aged 0.5Pt/La-Al>Os
showing the coexistence of sintered platinum particles and a few atomically dispersed sites, (C) EDS
analysis for the huge nanoparticles in the hydrothermally aged 0.5Pt/La-Al,Os3, and (D)(E)
hydrothermally aged 0.4Pt-Ba/La-Al,O3 catalyst showing mostly (count frequency > 98 %)

(C) « 0.001 eps/eV

500—
cumi
300—
ZBU—:

100—

B)=

atomically dispersed platinum species (0.2-0.3 nm). Note scale markers.
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Fig. 8. The XAS analysis of the supported platinum components. (A) XANES and (B) EXAFS
results of the as-received and reaction-spent (sample name ends with “rxn”) catalysts (5000 ppm
CO- 500 ppm HCs- 1.0 % O2- 5 % H20- N balance; 100-350 °C; ramping rate 2 °C/min; three
consecutive light-off cycles; contact time: 1,500,000 cm?® gear® h1); fresh samples in thin line; aged
samples in bold line. Listed coordination numbers are for aged samples; see Table 3 for details of

the fitting parameters.
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Table 3 Fitting parameters of the curve fitted k3-weighted EXAFS analysis of the as-received and

*

reaction-spent platinum catalysts

Sample Shell N R(A) AEp (V)  R-factor

Pt-O 4.30 2.00

1.5Pt/La-Al,O3 fresh 7.29 0.04
Pt-Pt 0.66 2.75
Pt-O 1.26 1.97

1.5Pt/La-Al>O3 aged 6.90 0.03
Pt-Pt 7.76 2.76
Pt-O 4.46 1.99

0.5Pt/La-Al,0s fresh 8.55 0.03
Pt-Pt 0.96 2.74
Pt-O 1.47 2.04

0.5Pt/La-Al>O3 aged 9.20 0.04
Pt-Pt 3.97 2.81
Pt-O 5.22 2.00

0.4Pt-Ba/La-Al,0s fresh 8.76 0.04
Pt-Pt 0.75 2.88
Pt-O 5.08 2.00

0.4Pt-Ba/La-Al,0O; aged 9.45 0.04
Pt-Pt 1.06 2.69
0.4Pt-Ba/La-Al,0O3 Pt-O 2.53 2.03

9.03 0.03
fresh_rxn Pt-Pt 0.63 2.63
0.4Pt-Ba/La-Al,0O3 Pt-O 2.75 2.01

7.49 0.03
aged_rxn Pt-Pt 0.21 2.83

*Amplitude reduction factor Se?: 0.90; N, coordination number; R, distance between absorber and
backscattered atoms; AEo, inner potential correction; R-factor, closeness of the fit, if < 0.05,

consistent with broadly correct models. Estimated error: N: £20 %, R: + 0.03; AEq: + 25 %.
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Fig. 9. The Ba 3d XPS of the as-received and reaction-spent Ba-stabilized catalysts. Reaction
condition: 5000 ppm CO- 500 ppm HCs- 1.0 % O»- 5 % H20- N2 balance; 100-350 °C; ramping rate
2 °C/min; three consecutive light-off cycles; contact time: 1,500,000 cm® geart hL.
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Fig. 10. Confirming the origin of the more active Pt species in CO oxidation. Quantification of the
exposed Pt surfaces from atomic Pt;Ox- species and sintered platinum particles. The tiny contribution
of Pt-Pt bond in the 0.4Pt-Ba/La-Al,O3; samples was from EXAFS data fitting errors. The TOF was
casted by dividing the overall reaction rate at 200 °C over the amount of atomically dispersed Pt
atoms. Considering the interferences from CO and —OH adsorption under reaction conditions, we use

the data from the as-received catalysts without being exposed to reactions to quantify the various sites.
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Fig. 11. Representative light-off reaction profiles for (A) CO conversion, (B) CsHs conversion, (C)
desired NO; formation, and (D) byproduct N2O formation in simulated lean-burn engine exhaust (500
ppm CO- 500 ppm HCs- 500 ppm NO- 5.0 % O»- 5 % H20- N> balance; 100-350 °C; ramping rate 2

°C/min; three consecutive light-off cycles; contact time: 1,500,000 cm? gear*ht.)
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