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ABSTRACT: During the CO oxidation over metallic Pt clusters and Pt nanoparticles in Pt/CeO,
catalysts, we found that the Pt surface concentration is a key descriptor for the reaction rate. By
increasing the surface noble metal concentration (SNMC) of a Pt/CeO, catalyst by a factor of ~4,
while keeping the weight hourly space velocity constant, the ignition temperature of CO oxidation was
decreased by ~200 °C in the as-prepared state. Moreover, the stability was enhanced at higher SNMC.
Complementary characterization and theoretical calculations unraveled that the origin of this improved
reaction rate at higher Pt surface concentrations can be traced back to the formation of larger oxidized
Pt-clusters and the SNMC-dependent aggregation rate of highly dispersed Pt species. The Pt diffusion
barriers for cluster formation were found to decrease with increasing SNMC, promoting more facile
agglomeration of active, metallic Pt particles. In contrast, when Pt particle formation was forced with a
reductive pretreatment, the influence of the SNMC was temporarily diminished, and all catalysts
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showed a similar CO oxidation activity. The work shows the general relevance of the proximity influence in the formation and

stabilization of active centers in heterogeneous catalysis.

KEYWORDS: In situ characterization, nanoparticle formation, Raman spectroscopy, X-ray absorption spectroscopy, surface diffusion,

proximity effect, surface noble metal concentration

1. INTRODUCTION

Platinum group metals supported as nanoparticles (NPs) on
metal oxide carriers are employed in environmental and
hydrogenation catalysis, electrocatalysis, or energy-related
processes.'* High-surface-area carriers are typically used to
stabilize the NPs, which ensures a high ratio of surface-to-bulk
atoms for the active species. During the last decades, the role of
the oxide support was reassessed from a broader perspective: the
carrier also plays a key role for the catalytic activity, selectivity,
and stability of catalysts.”~® For instance, redox active supports
like CeO,”~"” have been intensively investigated, and different
descriptors are proposed to influence catalytic performance:
morphology/exposed facets,*~"” porosity,'*~*° reducibility of
surface and bulk species,8’21_23 or noble metal particle size. 2726
Furthermore, the strong noble metal—support interaction
is reported to tremendously affect the activity profile. Recent in-
depth in situ and operando characterization and theoretical
modeling revealed the inherent dynamics of such catalytic
systems under reaction conditions, which further increases their
complexity.*”**°~* This includes the evolution of the platinum
species themselves but also noble-metal induced reconstruction
of the support.””******=>" The dynamics make the catalyst a
strongly changing system that responds to the surrounding
conditions.”****~** Central to the Pt/CeO, catalyst is the
formation of isolated Pt species on the CeO, surface when the
catalyst is exposed to oxygen at high temperatures. This
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phenomenon leads to the disintegration of the more active Pt
nanoparticles.”***°~* The reverse process occurs under
reducing conditions, when monatomic Pt species reagglomerate
to form Pt nanoparticles.””**** Both processes occur in
emission control catalysis. Whereas pollutants like carbon
monoxide and hydrocarbons act as reducing agents (especially
at A<1), molecular oxygen is a strong oxidant particularly under
lean conditions (1>1).

Another parameter, which to date has rarely been
considered,****¢ is the noble metal loading per specific surface
area which is related to the proximity of noble metal atoms/
clusters/particles on the support surface area unit. To estimate
this potential influence, we gathered reported CO oxidation
activities for Pt/CeO, catalysts from several studies.**>*>*~%!
As shown in Figure 1, an impact of the noble metal loading per
specific surface area on the catalyst activity (normalized to the
total amount of Pt) can be speculated: higher reaction rates per
Pt seem to be obtained for catalysts with high Pt loading-to-
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Figure 1. CO oxidation rates of various Pt/CeO, catalysts investigated
in previous studies (different colors) " #*547=61 i relation to their Pt
concentration per support surface area. The three Pt/CeO, catalysts
indicated by hollowed icons were prereduced prior to catalytic tests.
Red and yellow shadowing was used as guide to the eye to indicate the
different rate-regions for prereduced and as-prepared/oxidized
catalysts.

CeO, surface area ratios. Outliers with very high rates are found
for prereduced catalysts (polygonal symbols in Figure 1). Yet,
also at similar surface loadings for catalysts in the oxidized state,
strong variations in the rates exist between the various studies.
This may arise due to the preparation procedure or the very
different reaction conditions applied such as heating rate or gas
composition. It is therefore important to further elaborate
whether there is a possible correlation between the surface noble
metal concentration (SNMC) and catalyst activity using a
systematic approach.

A series of Pt/CeO, catalysts containing different noble metal
loadings (1.0—4.5 wt %) on CeO,”" was prepared and used to
study the influence of the SNMC on the CO oxidation activity.
For a more facile characterization of the Pt NPs and to minimize
additional effects, CeO, with a defined morphology (i.e., rod-
shaped CeO,) was used as support. The SNMC was correlated
with the CO oxidation activity, in particular, the ignition
temperature of the reaction. To unravel the origin of the
identified dependence, the structural and electronic properties
of the Pt species were tracked during interaction with the gas
phase using in situ X-ray absorption, Raman, and infrared
spectroscopy. Complementary to these SNMC-structure—
activity relations, we applied density functional theory
calculations to investigate the role of diffusion barriers of highly
dispersed Pt species on CeO, and their influence on the catalytic
performance. By this systematic approach, we found that the
formation of active Pt-clusters from highly dispersed Pt species
under reaction conditions is strongly dependent on the
proximity of these species to each other. This is essential for
catalytic activity, and thus, the SMNC is a key descriptor for
designing supported noble metal catalysts.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The synthesis of rod-shaped CeO,
was carried out according to the procedure developed by Mai et
al.®? using autoclaves (DAB-3, Berghof, V=250 mL, T,,,, = 250
°C, Pmax = 200 bar) with a Teflon inlay. Initially, 22.03 g of
NaOH (VWR Chemicals) was dissolved in 90 mL of deionized
H,O (6.1 M). Then 1.96 g of Ce(NO;);-6 H,O (99%, Sigma-
Aldrich) was added to the solution and stirred for 10 min. The
autoclave was closed and placed in an oven at 100 °C for 21 h.
Subsequently, the solid was separated by filtration and washed
with 400 mL of deionized water and dried for 12 h at 70 °C. Pt
was loaded onto the CeO, by incipient wetness impregnation.
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(NH;),Pt(NO;), (99%, Alfa Aesar) was dissolved in purified
water (purified water, ROTIPURAN). The Pt solution was
added dropwise to the CeO, powder in a mortar under constant
grinding. To determine the solution volume per impregnation
step, the pore volume of the support was determined via N,
physisorption to be 0.37 cm® g™, After each impregnation step,
the powder was dried at 60 °C for 20 min. Then, further Pt
solution was added, until the desired loading of Pt was obtained.
Subsequently, the powder was calcined at 600 °C for Sh (10 °C
min~' heating ramp). The Pt loading was confirmed via
inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a 720/725 emission spectrometer (Agilent).

Samples referred to as “reduced” were loaded into a quartz
reactor tube of a tubular furnace and heated in a flow 0f 2% H, in
N, to 400 °C (10 °C min™") and held there for 30 min at this
temperature. Subsequently, the samples were cooled to room
temperature in the reducing gas mixture.

2.2. Light-Off Experiments. The catalyst bed was prepared
in quartz tubes (outer diameter: 10 mm; inner diameter: 8 mm)
by diluting the catalyst sieved fraction (grain size of 125—250
um) with SiO, (sieve fraction: 125—250 ym) to 1 gin total. The
amount of catalyst was adjusted to the amount of Pt resulting in
a constant weight hourly space velocity (WHSV) of 60 000 L
gpe " h™! for all samples. The catalyst bed was fixed in the quartz
tube with two quartz wool plugs. Two thermocouples inside the
reactor tube monitored the temperature upstream and down-
stream of the catalyst bed (approximately 1 cm distance to the
catalyst bed). The reaction gas mixture was dosed using mass
flow controllers (MFC, Bronkhorst) and contained 1000 ppm of
CO, 8% O,, balanced in N,. At the reactor outlet, the gas
composition was analyzed with a Fourier-transform infrared
spectrometer (FTIR, MKS Instruments). The CO oxidation
light-off activities were monitored in the range of 50—500 °C
with a heating rate of 10 °C min~!. After each light-off, the
catalyst was kept at 500 °C for 1 h before it was cooled. After
three consecutive light-offs, the catalyst was cooled to 70 °C. As
a next step, the gas mixture was switched to a reductive mixture
(2% H,/N,, WHSV: 60000 L gp,"' h™") and the catalyst was
heated to 400 °C (10 °C min™") and was kept there for 30 min
before it was cooled in the reductive atmosphere. After the
reductive treatment, once again three consecutive light-off
activity profiles (conditions as described above) were recorded.
The reaction rate and activation energy (E, ) for the first light-off
in each series were estimated using an Arrhenius approach,
retrieving the rates from CO conversions between 5 and 10%.

2.3. Transmission Electron Microscopy. The catalyst
powders were directly dispersed on copper grids covered with a
holey carbon film. The microstructures of the catalysts were
characterized by high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) in a FEI
Titan 80-300 microscopy operated at 300 kV. The Pt particle
size statistics of the specimens (counting >100 particles) were
determined on HAADF-STEM images by using the Fiji®®
software.

2.4. Raman Spectroscopy. Raman spectroscopy was
performed with an inVia Reflex spectrometer system (Re-
nishaw) equipped with a research-grade Leica DM2500
microscope and a helium neon laser operating at 633 nm (25
mW at the source). The data was collected in a spectral range
from around 100 to 1300 cm™" with a resolution of ca. 1 cm™ by
means of an 1800 lines mm™' grating. For the ex situ
measurements, a 50X Leica objective was used. Furthermore,
the laser was defocused to form a line, and at 50% laser intensity,
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an area of about 260 X 190 ym?* was scanned with 1.3 ym raster
step size (200 X 150 collections). Thus, 30 000 spectra were
recorded with 60 s acquisition time per spectrum. The Raman
spectroscopy data was processed using the software WiRE 4.4
(Renishaw). Every spectrum was initially treated for cosmic ray
removal and subsequent noise filtering. For spatially resolved
analysis of the Raman data, the spectra were additionally
truncated to a range of 250 to 900 cm™' and analyzed
individually. For integral analysis, the individual spectra were
averaged yielding one spectrum per sample.

2.5. N, Physisorption. The surface area and pore volume
were determined by N, physisorption at —196 °C according to
the Brunauer—Emmett—Teller (BET)®* method using a
multipoint measurement on a BELSORP-mini instrument
(MicrotracBEL, Osaka, Japan). Prior to the analysis, all of the
samples were degassed at 300 °C for 2 h under reduced pressure.
Adsorption isotherms were evaluated in the pressure range of p/
Po = 0.05 to 0.3.

2.6. H,-Temperature-Programmed Reduction Using a
TCD. Powder catalyst samples (150 mg of each) were loaded ina
quartz tube reactor. Prior to the temperature-programmed
reduction (TPR) experiment, the samples were heated in 20%
0,/N, to 500 °C (10 °C min~"). At 500 °C, the samples were
held for 1 h. After they were cooled 50 °C, the samples were
exposed to 10% H,/N,. The outlet gas was monitored with a
thermal conductivity detector (TCD) with a H,O trap in front
of the detector. As soon as the detector signal was stable, the
samples were heated to 350 °C (5 °C min™"). The amount of
consumed H, was derived using a calibration curve obtained
from the reduction of Ag,0.

2.7. X-ray Absorption Spectroscopy. Ex situ extended X-
ray absorption fine structure (EXAFS) spectroscopy measure-
ments were performed at the CAT-ACT-beamline® (Accel-
erator Test Facility and Synchrotron Radiation source at KIT,
Karlsruhe, Germany) in fluorescence mode using a silicon drift
detector (SDD, Vortex-90EX X-ray detector). The energy of the
incident X-ray beam was tuned by a double crystal
monochromator (DCM) with Si(111) crystals. The size of the
X-ray beam on the sample was set to approximately 1 X 1 mm?
using slits. The samples were diluted with cellulose and pressed
to pellets. For each sample, 4 spectra were recorded and merged.
For the EXAFS fitting, the parameters were restricted (further
details given in the electronic Supporting Information (SI),
Supporting Table 1): The coordination number was limited to a
range between 0 and the degeneracy of the respective path
(Supporting Table 2), while the Debye—Waller factor was
restricted to positive values between 0.001 and 0.01. The
number of fitting variables was reduced by sharing the same
mean square deviation ¢” and adjustment of the half path length
AR for paths with a similar effective distance R All three
samples were fitted in parallel and shared the same energy shift
as well as mean square displacement ¢ for paths with a similar
effective distance R, The experimental data in a k-range of 2.5—
11.2 A" were fitted in R-space (1.1—-3.4 A) with a k-weighting
of 1,2, and 3. For all samples, the highest fit quality (cf. SI, Figure
S2, Supporting Tables 3 and 4) was achieved for the structure
model, which assumed a mixture of PtOx-clusters and atomically
dispersed Pt-species in CeO,-hollow sites (Figure S1).

In situ X-ray absorption near edge structure (XANES) spectra
at the Pt L;-edge were recorded at the XAS-beamline
(Accelerator Test Facility and Synchrotron Radiation source
at KIT, Karlsruhe, Germany) in fluorescence mode (SDD,
Vortex-90EX X-ray detector). The height of the X-ray beam,
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which was pitched in energy by an Si(111) DCM, was 1.0 mm
on the sample, and its width was 5.0 mm. A capillary micro
reactor heated by a hot air blower (Leister) was used as an in situ
cell.°® A heating rate of 3 °C min ' was applied while collecting
one XAS spectrum every ~20 °C. Gases (overall flow of 70 mL
min~") were dosed by mass flow controllers (Bronkhorst). The
gas concentration at the reactor outlet was monitored online by
a mass spectrometer (OmniStar GSD 320, Pfeiffer Vacuum).
The temperature-programmed reduction was performed in 2%
H,/He with a WHSV of 60000 L gp, ' h™". For the in situ
reduction tests, the capillary reactor (1.5 mm outer diameter,
1.48 mm inner diameter) was loaded with 7—8 mg of the
granulated (100—200 ym) Pt/CeO, catalyst sample. This
ensures that internal and external mass transport requirements
are fulfilled. The PtO, reference was measured as pellet, the Pt
reference as foil.

Operando XANES spectra were recorded at the P65 beamline
(DESY, Hamburg, Germany).®” The incoming X-ray beam was
tuned in energy by a Si(111) DCM and had a size of 0.3 mm in
height and 1.0 mm in width. Spectra were recorded in
fluorescence mode using a silicon drift detector (SDD). 5.0
mg of the pressed and sieved (100—200 ym) samples were
placed in a quartz capillary reactor (1.0 mm outer diameter, 0.01
mm wall thickness). Heating, gas dosing, and gas analysis were
conducted as described above. The heating rate was set to 5 °C
min~" with a total flow of SO mL min~". The reaction gas mixture
contained 1000 ppm of CO and 10% O, in He as balance gas.
For the linear combination fitting, Pt foil recorded in
transmission and the most oxidized sample spectrum (1.0 wt
% Pt/CeO, in reaction mixture at room temperature) in
fluorescence were used.

2.8. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) measurements were performed on a
Bruker Vertex 70 instrument with a Hg—Cd—Te (MCT)
detector and a Praying Mantis high temperature reaction
chamber with KBr windows. The cell temperature was
controlled by two heating cartridges and a water cooling system
inside the cell. As there is a strong temperature gradient,ég’69 the
actual temperature of the catalyst bed was determined prior to
the DRIFTS experiments by monitoring the bed temperature
with an ImageIR 8300 camera (Infratec Gmbh). The outlet
gases were monitored using a Pfeiffer Vacuum OmniStar GSD
320 mass spectrometer (MS). The catalyst bed was prepared by
filling part of the sample holder with ~100 mg of SiO, (sieve
fraction 125—150 um). On top, a layer of finely grounded
catalyst powder (~30 mg) was placed. The gas stream was
always kept at 70 mL min~'. Before each measurement, the
chamber was purged with Ar for 10 min before collecting the
background spectra at room temperature (30 scans, 4 cm™!
resolution). Subsequently, the gas composition was switched to
1% CO/Ar, and spectra were recorded. The spectra were
converted to a Kubelka—Munk unit using the OPUS software
(Bruker).

2.9. Density Functional Theory Calculations. The
density functional theory (DFT) calculations in this work
were performed using the Vienna Ab Initio Simulation Package
(VASP)"””" in connection with the Atomic Simulation
Environment (ASE).”> A plane-wave basis set with a cutoff
energy of 450 eV, the projector augmented wave method
(PAW),”>”* and the Bayesian Error Estimation Functional with
van der Waals correlations (BEEF-vdW)”> were used. For a
better description of localized Ce 4f electrons, the GGA+U (U =
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Table 1. Results of ICP-OES Analysis and N, Physisorption, Specific Surface Area (SSA), Surface Noble Metal Concentration
(SNMC), and Theoretical Fraction of a Pt Monolayer

low SNMC 1.0 wt % medium SNMC 2.3 wt % high SNMC 4.5 wt %
Pt/CeO, Pt/CeO, Pt/CeO,

ICP-OES  Pt/wt % 1.03 £ 0.02 225 £0.05 4.49 £+ 0.10

Ce/wt % 754 £2.3 73.8 £2.2 71.7 £2.15
BET SSA (after calcination)/m?* g™* 59 68 73

relative loss of the SSA compared to pure and uncalcined 36 26 21

Ce0,/%

Pt density SNMC/mg m™> 17 33 62

fraction of Pt monolayer/% 22.9 434 80.7
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Figure 2. HAADF-STEM images of the Pt/CeO,-rods: CeO, nanorods (A), 2.3 wt % Pt/CeO, (D) and 4.5 wt % Pt/CeO, (G) after calcination at
600 °C for S h. No Pt entities were visible in the oxidized state. For the ex situ reduced catalysts, homogeneously distributed Pt particles were found for
all catalysts with 1.0, 2.3, and 4.5 wt % Pt (B, E, H, respectively). The corresponding particle size distributions for the reduced catalysts (C, F, I) were
determined after a treatment in hydrogen-containing atmosphere. The length of the CeO, nanorods was approximately 50—150 nm. For all three
calcined samples, highly oxidized Pt species as clusters and single site species were found by EXAFS analysis (J, K).

5.0 eV) method’® was applied. The choice of U is described in 3. RESULTS AND DISCUSSION

the SI. Three layers thick 2 X 2 and 3 X 3 large unit cells were 3.1. Materials and Ex Situ Characterization. The rod-

used to represent CeO,(111) infinite slab models, each shaped CeO, obtained by hydrothermal synthesis was found to
separated by more than 15 A of vacuum in the z direction. have a specific surface area 0f 92 m* g™". The support was loaded
with three different Pt weight-loadings (1.0 wt % - low SNMC,
2.3 wt % - medium SNMC, and 4.5 wt % - high SNMC), leading
to different Pt surface concentrations (23—81% of a monolayer,

These cell sizes were chosen to investigate the coverage effect on

Pt migration. Diffusion barriers were calculated for entities of 1—

4 Pt atoms on both 2 X 2 and 3 X 3 large unit cells of CeO,(111) calculation following ref 38) and thus different interatomic
using constrained optimizations (diffusion barriers, images as distances of Pt species on the CeO, surface. To trigger the
well as a detailed description of the optimization procedure is formation of highly dispersed and oxidized Pt species, all

samples were calcined for 5 h at 600 °C in air,”*** which led to a

given in the SI). All atoms in the top layer of the CeO,(111) certain decrease of the specific surface area (SSA) compared to

surface as well as the Pt clusters were allowed to relax during the one of the bare CeO, before calcination (Table 1).
geometry optimizations. The Brillouin zones were sampled In agreement with previous studies, the highest Pt loigli;;g led
using (3 X 3 X 1) Monkhorst—Pack k-point grid77 for2 X 2 and to a less pronounced decrease in SSA upon calcination.”"” The

samples after calcination in air are referred to as “oxidized”. As
reference state, small, reduced Pt nanoparticles were generated
by a reductive treatment (2% H,/N,, at 400 °C for 30 min,
Spin polarization was considered in all calculations. referred to as “reduced”) for all three samples.”” Figure 2 depicts

(22X 1) for 3 X 3 large unit cells. The convergence criterion

for geometry optimizations was a maximum force of 0.01 eV/A.
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Figure 3. Transient (10 °C min~") CO oxidation activity (A) and Arrhenius plot (B) of Pt/CeO, with 1.0 wt % (green), 2.3 wt % (orange) and 4.5 wt
% (blue) in oxidized (solid lines) and reduced (dashed lines) state (1000 ppm of CO, 10% O, in N,, WHSV: 60 000 L g~ h™"). The reproducibility of
the catalytic activity and deactivation behavior were evaluated by comparing the temperature of 50% CO conversion Ts, (C) in a series of light-offs.
The oxidation state during CO conversion (D) was derived by linear combination fitting of operando XANES data (E). The arrow indicates the

evolution of the XANES spectra with increasing temperature

Table 2. Activation Energy E, Derived from the Arrhenius Plot in Figure 3 and T, (1000 ppm of CO, 10% O, in N,, WHSV:
60 000 L gp, " h™") for the Oxidized and Reduced 1.0—4.5 wt % Pt/CeO, Samples

low SNMC 1.0 wt % Pt/CeO,

E, oxidized/kJ mol™ 67.7 £ 0.6
reduced/kJ mol™ 31.8+03

Tso oxidized/°C 365
reduced/°C 103

medium SNMC 2.3 wt % Pt/CeO, high SNMC 4.5 wt % Pt/CeO,

702 £ 0.9 60.2 + 0.9
62.5+ 0.6 57.1+0.7
282 195
90 86

the HAADF-STEM images collected to reveal the micro-
structures of pure CeO, support as well as the oxidized and
reduced Pt/CeO, catalysts. The CeO, support showed a rod-
shape with an average diameter of the particles around 20 nm.
For the oxidized catalysts, no Pt entities were visible on the
CeO, nanorods (Figure 2D,G). This is in line with previous
observation that an oxidizing treatment above 400 °C leads to
the formation of highly dispersed Pt species.”* EXAFS analysis
of the oxidized catalysts (Pt L;-edge; Figure 2],K) indicated the
presence of atomically dispersed Pt-species in CeO,-hollow sites
as well as PtOy-clusters (cf. SI) for all three SNMCs. This
additionally confirmed the oxidized and highly dispersed state of
Pt species in all investigated catalysts. After the reductive
treatment, Pt nanoparticles with an average particle size of ca. 1
nm on CeQ, were observed for all samples (Figure 2C,F,I). The
HAADEF-STEM images were analyzed using Delaunay triangu-
lation to determine an average distance between the formed
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nanoparticles (Figure S11 and Table S6). The results showed
that, indeed, the average distance decreases with rising SNMC.
This indicates just a trend since the STEM images are only two-
dimensional projection of a three-dimensional object.

3.2. Trends in Catalytic Activity. By normalizing the
amount of catalyst in the catalytic reactor to the Pt loading, a
direct comparison of the CO oxidation activity was possible for
the three Pt/CeO, samples despite of the differences in Pt
weight loadings. In contrast to the ex situ characterization
results, the CO light-off tests of the oxidized catalysts revealed
striking differences between the catalytic activity, scaling
strongly with the SNMC (Figure 3A).

The temperature values at 50% CO conversion (Ts,) were
352 °C, 280 °C, and 162 °C for the samples containing 1.0, 2.3,
and 4.5 wt % Pt, respectively. This trend aligns well with the
increase of SNMC. The catalyst with the lowest SNMC barely
reached full conversion even at 500 °C. The here observed
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catalysts.

tendency in catalytic activity is in line with the trend illustrated in
Figure 1 for previously investigated Pt/CeO, catalysts: a high
surface concentration of Pt correlates to a higher activity. The
corresponding reaction rates derived from the light-off experi-
ment are depicted in Figure 3B. The activation energies (Table
2) for the oxidized catalysts are between 60 and 70 kJ mol ™",
matching with reported values in literature.*”

All catalysts became more active after a reduction pretreat-
ment (2% H, at 400 °C for 30 min), which shifted the Tj,
temperature to 116 °C, 90 °C, and 85 °C with increasing
SNMC, respectively. In contrast to the oxidized samples, the
catalytic activity for both medium and highly Pt loaded samples
was almost identical upon reduction. Only the low SNMC
sample differed slightly in slope and shape of the light-off curve,
resulting in a 25—30 °C higher Ts,. The activation energies
(Table 2) for the reduced catalysts are 32—63 k] mol™" (in good
agreement with other studies for prior reduced Pt/CeO,
catalysts” reporting values of 42—51 kJ mol™"). Also, for
the reduced samples, three consecutive light-off tests to 500 °C
were performed. A light-off to 500 °C leads to full conversion at
temperatures above 200 °C; hence, the majority of the catalyst
bed is only exposed to carbon dioxide and oxygen. These mainly
oxidizing conditions are similar to the pretreatment of the
oxidized catalysts. Hence, each light-off showed a decrease in
catalytic activity (Figure 3C), with the last CO oxidation light-
off of this series comparable to the activity of the oxidized
catalysts, including the pronounced differences in activity. It is
apparent that at high temperatures, the SNMC also strongly
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influences the catalyst stability and that the activation in
hydrogen is reversed by a high temperature light-off.

To investigate the oxidation state of Pt, we performed
operando XANES experiments at the Pt L;-edge. The online gas
analysis during the light-off experiments confirmed the strong
differences in catalytic activity (Figure 3D, solid lines). The
simultaneous monitoring of the Pt oxidation state using a linear
combination fitting (LCF) of the spectra showed that the noble
metal state changes as soon as it is exposed to lean CO oxidation
conditions at room temperature. This is indicated by a distinct
decrease of the so-called white line compared to the as-prepared
catalysts in air, where only minor differences between the three
SNMC samples were observed (Figure SSA). The catalyst with a
high SNMC tends to reduce stronger than that with a medium
SNMC, while the low SNMC sample remains completely
oxidized. During temperature increase, a reduction of Pt was
observed for all catalysts with an onset at 100—150 °C. For the
sample with a high SNMC, the start of Pt reduction coincides
with the sharp CO oxidation light-off. However, for the two
other catalysts, the reduction of the noble metal seems to be
decoupled from the light-off which happens at higher temper-
atures. At around 200 °C, all catalysts reach a similar oxidation
state for Pt, which can be fitted by a 40% mixture of Pt’ and 60%
Pt** reference component. A further speciation into clusters,
monatomic Pt, or nanoparticles is not possible on the basis of
XANES alone. Therefore, in order to identify the descriptors for
this behavior of the differently loaded Pt/CeO, catalysts, the
noble metal reducibility and CO adsorption properties were
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studied by complementary Raman spectroscopy, in situ XAS,
and DRIFTS.

3.3. In-Depth Characterization of the Pt-CeO, Inter-
action. The vibrational modes detected by Raman spectroscopy
(Figure 4A) are sensitive to the presence of defects in the CeO,
structure and the binding properties of Pt to the support.®" For
all catalysts, Raman bands appear at 457, 548, 595, 658, and 687
cm™'. The band at 457 cm™ (I) is characteristic for the Ipag
symmetric stretch mode of Ce0,.*** The defect-related Ip,
mode of CeO, at 595 cm™ (II) is caused by a displacement of an
oxygen ion from its lattice position to an interstitial position
leaving a vacancy at its genuine lattice position.* Raman bands
around 550 cm™! (III) and 665—690 cm™ (IV) are assigned to
Pt-O species.”**"*>*® They are characteristic features of Pt/
CeO, materials (Pt-O species in close or direct vicinity to CeO,)
and are not observed for pure PtOyx** or PtOy/Al, O, (Figure
S$3). Mapping of these bands normalized to the intensity of the
defect CeO,-I, mode shows a spatial correlation of CeO,
defects with Pt-O species (Figure S4).

The relative intensity of detected Pt-O(-Ce) bands increased
with the noble metal concentration on the surface of ceria (rise
of bands at 550 cm™" and 665—690 cm™"). Interestingly, the Pt-
O(-Ce) feature at 665—690 cm™" exhibits two distinctive Raman
bands, which change their ratio with increasing SNMC and
alteration of the Pt—O bond nature. In addition, the defect
concentration in CeQ, rises with Pt loading (broadening of the
457 cm™! band®*>** and increase of the CeO,-I;, band). Upon
reduction, the features attributed to oxidic Pt species
diminished, but the higher defect concentration on ceria surface
for increasing noble metal loadings remained.

The strength and scission of Ce—O and Pt—O bonds were
found to be directly linked to the reduction behavior of the
catalyst. Figure 4B reports the results of the H,-TPR monitored
by in situ XAS at the Pt Ly-edge (corresponding normalized
spectra, Figure SS B-D). A trend in Pt reduction temperature
following the SNMC was observed for the three oxidized
catalysts with the high SNMC Pt/CeO, catalyst reducing at the
lowest temperature (~130 °C) followed by the medium (~170
°C) and low SNMC (~220 °C). This is in line with the operando
XANES data collected during CO oxidation for the three
catalysts (Figure 3D). Additionally, hydrogen consumption
determined during a H,-TPR probed the temperature-depend-
ent reducibility of the support material (Figure 4C). The sample
with the highest SNMC showed the peak maximum at the lowest
temperature of 96 °C, followed by the medium SNMC (111 °C)
and the low SNMC (153 °C). The temperature of maximum H,
consumption also follows the trends observed during the XAS
experiments. Yet, the amount of consumed H, appears not to be
correlated to the SNMC.

The characterization methods above support the hypothesis
that the noble metal concentration on the CeQ, surface of the
oxidized catalysts strongly affects CO oxidation activity as well as
the Pt and CeO, reducibility. These differences were not
indicated by the EXAFS analysis because the Pt species exhibited
similar structural characteristics in all as-prepared catalysts
(Figure 2). The use of CO as a probe molecule in DRIFTS
measurements provides complementary information on the
local noble metal surface structure.*'*”** Figure 4D shows the
IR spectra of the CO adsorbed (1% CO/Ar) samples at room
temperature in the reduced and oxidized states. The vibrational
modes of CO adsorbed on Pt give rise to peaks in the
wavenumber range between 1950 and 2100 cm™'. For all
reduced catalysts, two significant features at 2069 and 2086 cm™"
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were observed. Furthermore, a small shoulder around 2096
cm ™" was found. Compared with the reduced catalysts, the IR
band intensity for the calcined samples was lower (approx-
imately by a factor of 2) indicating that part of the sites were not
able to serve as host sites because of their unfavorable adsorption
geometry.”*> Furthermore, the oxidized catalysts showed a
strong dependence of the overall signal intensity on the SNMC.
Most notably, the intensity in the Kubelka—Munk plot recorded
for the 4.5 wt % Pt/CeO, catalyst is 6.8 times higher than that of
the 1.0 wt % Pt/CeO, sample. For all oxidized catalysts, the
bands are shifted to higher wavenumbers. The ratio of the peaks
at 2085 and 2070 cm™' changed with the latter being more
pronounced compared with the reduced state.

On the basis of these qualitative observations, the spectra were
deconvolved®”*” into Gaussian peaks (Figure 4E,F). The
respective peak position provides information on the nature of
Pt species, on which CO is absorbed. The peak at ~2086 cm™
(Figure 4D; (i) can be assigned to CO linearly adsorbed on Pt°
terrace sites, which are present on slightly larger Pt NPs.”” Lower
wavenumbers are referred to CO linearly adsorbed on lower
coordinated Pt atoms (e.g., step sites and edge sites), which
correspond to subnanometer Pt NPs.”’ Therein, a peak around
~2070 cm™" (ii) can be traced back to kink site Pt atoms of a Pt
NP.”" The band at 2096 cm™ (iii) was previously assigned to
CO adsorbed on single Pt sites."””” Recent studies™”’
contradict this assignment and attribute this band to oxidic
clusters. As the Pt/CeO, system was shown to be highly
dynamic, these clusters could be present in the as-prepared
catalysts or could form in situ under reducing conditions. Such
behavior was observed already in a previous study,’® where this
band was absent at low temperatures (around 170 K) and
appeared upon exposure to higher CO concentrations already at
room temperature.’® Despite the ambiguities in the assignment
of this band, it can be stated that this feature indicates highly
oxidized and dispersed Pt species - whether single sites or
clusters. Vibrational bands above 2100 cm™ (iv) are generally
reported for CO adsorbed on PtOy. Toward lower wave-
numbers, features at 2060 cm ™" and below (v) can be attributed
to CO—CO interactions which increase with CO coverage of the
Pt surface. In the case of partially oxidized Pt species, those peaks
are shifted to higher wavenumbers.

The peak deconvolution®”* in the case of the reduced Pt/
CeO, catalysts (Figure 4F) revealed very similar ratios of edge,
corner, terrace, or single sites for all three catalysts. The state and
particle size of Pt seem to be nearly identical after reduction
regardless of the SNMC, which is in line with the catalytic
activity and findings of the ex situ characterization (Raman
spectroscopy, TEM). In contrast, the oxidized samples show a
trend in terms of peak ratios depending on the Pt surface
concentration (Figure 4E). The Pt loading on ceria surface
seems to play a major role. At a higher SNMC, more CO was
adsorbed on Pt terrace sites than on Pt corners showing that
larger particles®”®” were formed with increasing SNMC.
Interestingly, the peak position suggests the presence of Pt
rather than the pure presence of oxidized Pt as suggested by
XAS. Under the applied measurement conditions (25 °C, 1%
CO/Ar), changes of the sample structure can be induced,”®”*
such as the formation of small clusters via the reduction of
isolated Pt species. This is in line with the TPR and Raman
spectroscopy results: A higher SNMC:s favors the formation of
clusters/particles.

A critical factor for such a Pt agglomeration process is the
mobility of Pt species, especially that of highly dispersed single
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atoms or clusters, on the CeO, surface. In order to investigate
how Pt species migrate on ceria to form larger clusters and
particles, and thus to substantiate the trends observed above, the
diffusion barriers of isolated Pt atoms and small Pt clusters up to
the size of four Pt atoms have been calculated (Table 3) using

Table 3. Diffusion Barriers for Pt Single Sites to 4-Atom Pt
Clusters on a2 X 2 and 3 X 3 CeO, (111) Surface Unit Cell
Calculated by DFT (GGA+U)

diffusion barrier of Pt
species ona 2 X 2 CeO, unit

diffusion barrier of Pt
species ona 3 X 3 CeO, unit

number of Pt
atoms in the unit

cell cell/kJ mol™" cell/kJ mol™"
1 70 90
2 42 64
3 79 97
4 116 138

density functional theory (DFT). All calculations were
performed for the CeO,{111} facet, which is thermodynami-
cally favored at higher temperatures,* covered with Pt entities at
different distances. The diffusion barriers were calculated for
two different SNMC. Small (7.7 A) interatomic distances were
used to mimic the medium SNMC in this study, whereas larger
interatomic distances (11.6 A) achieved by varying the unit cell
were applied for the low SNMC sample. Hereby, larger
distances, which equal lower SNMC, exhibit higher diffusion
barriers (cf. Figures S6—S9). As can be seen in Table 3, Pt single
atoms have comparatively low diffusion barriers of 70 and 90 kJ
mol™' depending on their distance. These barriers increase by
40—50 kJ mol™" when increasing the Pt cluster size to 4, the
largest considered herein. We note that high diffusion barriers
for larger noble metal clusters were also seen in previous studies
in temperature ranges up to 900 °C.”

We thus speculate that the cluster/particle formation is
mainly related to the diffusivity of smaller Pt entities, while larger
clusters and particles are less mobile. Using a barrier of 90 kJ
mol ™" for the larger 3 X 3 CeO, (111) unit cell model and 70 kJ
mol™! for the 2 X 2 CeQ, (111) unit cell model, the diffusion
constants can be furthermore estimated using the following
equation:96

PhyT N
h

D =

Here, | represents the interatomic distance between two Pt
entities, kg is the Boltzmann constant, and & the Planck constant.
As the diffusion constant decreases with increasing activation
barrier E,, the Pt entities in the smaller unit cell are generally
more mobile than in the larger one. Thus, a higher concentration
of Pt single atoms requires a lower activation temperature as the
distances between atoms and clusters are smaller. When
comparing the diffusion constant for single atom species in the
small (70 kJ mol™") and large (90 kJ mol™") unit cell depending
on the temperature to the CO conversion for the 1.0 and 2.3 wt
% Pt/CeO, catalyst, a striking trend can be observed (Figure S).
The difference in catalytic activity due to the 1.9 times higher
SNMC (cf. Figure 3) is reflected very well by the calculated
diffusion constants at low conversions. Thus, the formation of
clusters and small particles in highly oxidized and dispersed Pt/
CeO, samples as the limiting step for the CO conversion can be
directly deducted. This is in line with our observations from
catalytic testing and corresponding characterization data.

3.4. Implications Resulting from the Evolution of the
Pt Structure under Reaction Conditions. The ongoing
research on Pt/CeO, catalysts revealed that several different Pt
species can be present on the support surface. Their character-
ization is difficult considering the limited insights which the
currently available toolset provides.”” Further complications
arise because of the dynamic nature®*** of the catalyst under
reaction conditions, as also revealed in this work. In order to gain
a fundamental understanding, efforts are invested in the
synthesis of catalysts containing uniform Pt species, which is
generally easier to achieve at low weight loadings.*>”*
Considering our observations, we suggest the model as
illustrated in Scheme 1 for the Pt/CeO, catalyst series with
different Pt loadings: For ceria-based catalysts, homogeneous
and highly distributed species (i.e., single sites or small clusters)
can be obtained also by treatments at elevated temperature, as
applied in this study. As illustrated by the STEM images as well
as XAS and DRIFTS measurements, in all as-prepared catalysts
Pt is present as highly dispersed and oxidized species (i.e., single
sites and clusters). Noble metal particles of approximately 1 nm
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Figure S. Comparison of the diffusion barrier for Pt single sites supported on a 3 X 3 CeO, (111) unit cell and supported ona 2 X 2 CeO, (111) unit
cell with the catalytic CO conversion curves of the 1.0 and 2.3 wt % Pt/CeO, samples after calcination (A). Visualization of the diffusion path of a single
atom over the CeO, (111) surface with diffusion energy diagram (B; for more details, see Figures S6—S9).
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Scheme 1. Proposed Model on the Cluster Formation under Reaction Conditions and Resulting Catalytic Activity Depending on

the SNMC*
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“Below the corresponding ignition temperature, the Pt species are present mostly as oxidized single-atomically dispersed species, which can partly
reduce under reaction conditions. While a low SNMC leads to high interspecies distances and thus high temperatures to form catalytically active
clusters, a higher SNMC enhances the low temperature activity by increasing the probability of cluster formation under reaction conditions.
Therefore, the SNMC has a strong influence on the corresponding CO oxidation activity.

are formed only after reduction at 400 °C in hydrogen
containing atmosphere.

Regarding their activity for CO oxidation, the majority of Pt
species might inherit varying degrees of catalytic activity
depending on the temperature range and reaction conditions.
However, previous studies have shown that a too strong
stabilization by the support is disadvantageous for oxidation
reactions.”®’®”? This was also confirmed in the present
investigation when comparing the reduced samples with the
as-prepared ones. Only a very low conversion was observed for
the calcined 1.0—4.5 wt % Pt catalyst materials below the
ignition of CO oxidation, which could be due to a small amount
of remaining PtOx clusters that are activated by CO during the
reaction onset (as observed in the operando XAS experiment
Figure 3D,E). Despite the probability to have such small clusters
is higher for the highly loaded Pt/CeO, catalyst, this seems not
sufficient to obtain a considerable CO conversion activity below
150 °C (cf. Figure 3A). In line with the results reported in ref 43,
a minor impact of the SNMC was observed in this temperature
range corresponding to a rather “immobile” Pt state. In contrast,
the sharp ignition of the CO oxidation above 150 °C suggest
further changes in Pt structure. According to the operando XAS
data, the increase of temperature leads to further reduction of Pt
species. Nonetheless, as demonstrated in our previous study,’
isolated single atoms or highly dispersed species are not active
even if partially reduced, and contribute notably to CO
oxidation only if the reaction temperature sustains their
migration with formation of larger clusters.*®

By breaking the bonds with the support material at higher
temperatures, Pt species become more mobile and diffuse over
the CeO, surface. For the catalyst with low SNMC, most Pt sites
have a large average interspecies distance. This long distance

2481

requires higher temperatures to promote the migration and
formation of larger clusters, as supported by DFT calculations
revealing the increase in diffusion barrier with larger interatomic
distances (Table 3). By increasing the concentration of the
noble metal on the ceria surface, and thus decreasing the
interspecies distance, the probability for the mobile species to
find each other and agglomerate to reduced particles/clusters is
enhanced. These agglomerates are then active for the CO
oxidation.

At the other end of the scale, an “upper” limit of catalyst
loading exists above a monolayer, where an anchoring of
individual noble metal atoms is not anymore possible and Pt
particles become stable even at high temperature and under
oxidizing atmospheres.**”*

As a certain Pt cluster size is necessary for the onset of the CO
oxidation,™ the catalyst with the highest SNMC requires the
lowest temperatures to become active. A reductive treatment
anticipates the dynamic Pt particle formation and thus yields
very active catalysts. These Pt particles show CO oxidation
activity almost independent of the SNMC. Thus, the SNMC
seems to be the main influencing factor during the in situ cluster/
particle or active site formation.

As a consequence of these findings, four observations are

highlighted:

(1) This study shows that the concentration of Pt on ceria
surface must be high enough to favor the formation of
clusters and particles, which are known to sustain
oxidation reactions. A high surface noble metal
concentration is furthermore a potential key to prevent
catalyst deactivation due to a too strong redispersion at
elevated reaction temperatures.
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(2) In order to design an efficient Pt/CeO, catalyst, an
optimal SNMC needs to be found with the focus not only
on activity but also on possible sintering events. More
precisely, the interatomic distance between Pt species
should not be too small and thus the SNMC not too high
to circumvent sintering of pt.'% Considering aspects 1
and 2 will allow optimizing the economy of the scarce and
expensive noble metals in catalysis in a knowledge-based
manner.

(3) If the catalytic and chemical properties of Pt/CeO,
catalysts are compared, the loading has to be normalized
to the CeO, surface to ensure a similar SNMC.

(4) To maintain a reasonable cost for such noble metal based
catalysts, the SNMC could be adjusted on the expense of
ceria surface area decrease or the addition of a less
interacting support like Al,O; and not on the increase of
the noble metal loading.

4. CONCLUSION

By systematically varying the surface noble metal concentration
of a well-defined Pt/CeO, catalyst, we found that the chemical
and catalytic properties of the oxidized catalysts are strongly
correlated to this descriptor. Our investigations demonstrated
that the tendency to form Pt clusters/particles increases when
the Pt interspecies distance is decreased, as identified by Raman
spectroscopy, XAS and DRIFTS measurements. Additionally,
the promotion of Pt species migration at high SNMC was
substantiated by DFT calculations, which show that the
diffusion barrier for Pt single sites and up to 4-atom clusters
decreases, if the interatomic distance diminishes. In conse-
quence, the catalytic properties of supported noble-metal-based
catalysts during the CO oxidation, and probably other related
reactions, strongly depend on the SNMC because of the
formation of larger clusters and facilitated mobility. A low
surface concentration of Pt leads to a large fraction of sparsely
anchored single Pt atoms, which require high temperatures to
reduce and migrate for generating the catalytically active Pt
clusters or nanoparticles. Increasing the SNMC leads to smaller
average distances between the Pt species and possibly also to the
formation of oxidized Pt-clusters that are activated at much
lower temperatures. Therefore, the SNMC is a key descriptor for
the low temperature activity of Pt/CeO, catalysts, which has a
strong influence on the fate and stability of the noble metal
species. Our study shows that this parameter should be
considered for future catalyst synthesis in the large application
field of noble-metal-catalyzed oxidation and hydrogenation
reactions, in which an optimal noble metal structure is essential
for resource efficient use of the scarce material.
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