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ABSTRACT: Pt through the gas phase in the form of volatile PtO2 has become a topic of interest
within recent years due to its application in the production of single atom catalysts. It is furthermore
important for oxidation reactions that take place at high temperatures, e.g., CH4 oxidation in order
to track noble metal loss. Here, platinum migration is observed on the nanometer scale for mixed
Pt/Al2O3 and CeO2 nanoparticles as grinded powders. Furthermore, Pt migration within a reactor
in a dual bed of Pt/Al2O3 followed by a bed of sieved CeO2 particles is tracked in situ on the
millimeter scale via time and spatially resolved X-ray absorption spectroscopy. It is observed that gaseous PtO2 is first captured at the
beginning of the CeO2 bed. When the beginning of the bed appears saturated, PtO2 adsorbs further downstream. Such adsorption
behavior has to our knowledge not yet been reported in the literature since it requires time and spatially resolved in situ tracking.
Furthermore, preferential adsorption sites of Pt on CeO2 were identified using experimental extended X-ray absorption fine structure
data and fitting based on models from Density Functional Theory calculations. They point to geometries as, for example, found in 4-
fold hollow sites on CeO2 (110) with additional ligands for stabilization.

■ INTRODUCTION
Platinum (Pt) deposited on support materials like Al2O3 or
CeO2 is often utilized for emission control purposes.1−4

Metallic Pt atoms are immobile on support materials at
operation temperatures relevant for catalysis (<1000 °C) due
to the high sublimation energy of Pt and the high energy
barrier for single atom detachment (both energies are >500 kJ/
mol).5 This picture changes under oxidative conditions since
for temperatures as low as 450 °C6,7 oxidized Pt is known to
become volatile in the form of PtO2 entities.

8,9 At 800 °C, it
has been shown that almost all of the Pt is lost within a
timespan of hours.10 Volatile PtO2 is capable of migrating
either onto the support material or into the gas phase.11 This
poses a major challenge to the performance stability of
catalysts that operate at high temperatures as the migration
leads to Pt sintering and potentially even to a loss of the active
and costly precious metal. Examples in this regard are 3-way
and diesel oxidation catalysts within the automotive industry,
as well as industrial flue gas after treatment catalysts.12,13

Furthermore, the volatility of Pt is also relevant within other
fields of research, e.g., in solid oxide fuel cells (SOFCs).14,15 In
order to prevent the gas phase migration of PtO2, Knudsen
diffusion inside nm-sized pores can be utilized.16 However, the
gas phase migration is not always undesirable since it offers
unique possibilities for the preparation of functional nanoma-
terials as shown by Datye et al.17,18 for the formation of Pt−Pd
alloys or its migration from Al2O3 to CeO2 for the formation of
Pt single atom catalysts.19 Surface doping of CeO2 was shown
to stabilize the CeO2 surface area during calcination in air at
800 °C.20 This could be another area in which Pt migration

could be used. In regard to the trapping mechanism, Bruix et
al. claimed that CeO2 nanopockets on (100) nanofacets next to
defect sites on the CeO2 surface are the most preferential sites
for Pt incorporation.21,22 Jones et al. revealed that CeO2 rods
and cubes, known to exhibit mostly (100) and (111) facets,23

change at 800 °C in air toward more rounded shapes, which
contain more sites for Pt adsorption.19 Maurer et al. discovered
that under oxidative conditions above 600 °C, Pt atoms
become incorporated onto CeO2 in (110) nanopockets, which
start to form under these conditions.24 Even though there has
been a lot of research conducted within the topic of Pt
sintering and its migration and deposition onto CeO2, there
are still open questions in regard to in situ and operando
tracking, the length scale for the migration, and preferential
deposition sites of Pt, which are tackled within this work. In a
first step, Pt migration is shown to occur on length scales of
∼nm to μm by mixing Pt/Al2O3 with CeO2 using electron
microscopy (EM) and catalytic studies. In a second step, in situ
live tracking of the Pt migration is conducted on a mm length
scale in a time and spatially resolved manner via X-ray
absorption spectroscopy (XAS). To this end, a spatially
separated Pt/Al2O3 and CeO2 packed powder bed is utilized.
Finally, the preferential Pt adsorption sites on CeO2 are
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identified by EXAFS fitting using various density functional
theory (DFT)-derived structures.

■ EXPERIMENTAL AND METHODS

Catalyst Preparation
Pt/Al2O3 and Pt/CeO2 catalysts were prepared by automated
incipient wetness impregnation using a SYNTHESIZER CATIM-
PREG platform by Chemspeed Technologies AG, utilizing tetraamine
platinum nitrate (Alfa Aesar) as the precursor. As supports,
commercially available γ-alumina (Puralox TH 100/150, Sasol
Germany GmbH) and CeO2 (HSA 20, Solvay) were used. The
CeO2 average crystalline domain size after 5 h of calcination at 700 °C
was 8.6 nm (see SI) and its specific surface area 104 m

g

2
. The Pt/Al2O3

catalyst exhibited an average Pt particle size of 2.0 ± 0.9 nm and a Pt
loading of 1.9 ± 0.1 wt %. The Pt/CeO2 catalyst exhibited an average
Pt particle size of 1.0 ± 0.30 nm and a Pt loading of 1.91 ± 0.10 wt %.
Particle sizes were determined via transmission electron microscopy
(TEM). The Pt loading was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). For in situ and
operando measurements, CeO2 and Pt/Al2O3 packed powder beds
with the sieve fraction of 100−200 μm were used. The Pt/CeO2
catalyst was utilized only for calibration purposes but not within the
experiments.

Pt Migration from Pt/Al2O3 to Adjacent CeO2
1.9 wt % Pt/Al2O3 and CeO2 powders were mixed in a ratio of 1:1
and calcined for 12 h at either 400 °C or 800 °C in static air inside a
furnace (without sieving). Part of the powders was taken aside after
calcination for high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDX) investigations (Device: FEI Tecnai Osiris;
Detector: Super-X Quad Silicon Drift Detector). Due to the similar
contrast of Pt and CeO2 in HAADF-STEM, an additional pretreat-
ment step in 5% H2/N2 at 400 °C was carried out beforehand for 1 h.
This was done to ensure the formation of Pt clusters and particles, so
they can be better resolved on CeO2.

In addition, Pt migration of a single Pt/Al2O3 particle was studied
on the μm scale using a microelectromechanical system (MEMS)-
based transmission electron microscopy (TEM) chip. For further
details, see Chapter “In situ fluorescence study of a Pt/Al2O3 particle”
in the SI.

Catalytic CO and NO Oxidation Activity
After 12 h of calcination, the 1:1 mixed 1.9 wt % Pt/Al2O3 + CeO2
powders were pressed, sieved (100−200 μm), and put inside quartz
microreactors with an inner diameter of 8 mm (1 mm wall thickness),
where the powders were held in place by quartz wool. Each powder
bed contained 100 mg of the catalyst. The temperature in the reactor
was continuously monitored using two thermocouples placed
upstream and downstream of the catalyst bed. The upstream
thermocouple was also used to control the furnace. Gases (CO,
NO, O2, N2) were dosed by mass-flow controllers (MFC, Bronkhorst
Deutschland Nord GmbH), and the gas composition was measured
behind the reactor outlet by a Fourier transform infrared (FTIR)
spectrometer (Multigas 2030, MKS Instruments). The applied gas
flow was 1 l

min
, containing 10% O2, 1000 ppm of either CO or NO

and N2 with a weight hourly space velocity (WHSV) of ×6.4 104 l
hg

(liters of all gases combined per hour and grams of Pt).

In Situ XAS during the Pt Migration from Al2O3 to Spatially
Separated CeO2 and Operando CO Oxidation Tests
The in situ XAS measurements during the Pt migration from Al2O3 to
spatially separated CeO2 and operando XAS measurements during the
catalytic CO oxidation tests were conducted at the P65 beamline
(DESY synchrotron, Hamburg).25 X-rays were generated by an 11
period undulator. Harmonics were removed via two water-cooled Si-
coated plane mirrors, installed before a Si(111) double crystal

monochromator (DCM). The photon flux at the sample was between
1011 and 1012 1

s
with a relative bandwidth of 10−4. Measurements were

conducted at the Pt L3-edge (11564 eV) with a measuring time of 3
min per spectra during light-off experiments and 6 min during the
migration experiments. XAS data were treated and evaluated using the
Athena software.26 Hereby, the pre-edge normalization was conducted
from −175 to −90 eV with respect to the absorption edge and the
postedge normalization from 100 to 980 eV with a normalization
order of 3. Linear combination analysis (LCA) was performed using
an oxidized and a reduced Pt/Al2O3 sample as reference. Figure 1

displays the experimental setup at the beamline. Gases were dosed by
mass-flow controllers (MFC, Bronkhorst Deutschland Nord GmbH)
through a quartz microreactor (outer diameter = 1.5 mm, 0.01 mm
wall thickness). The catalyst inside the reactor was heated by a hot-air
blower (FMB Oxford) that was placed below the reactor. An infrared
(IR) camera (ImageIR, InfraTec GmbH) recorded the temperature of
the catalyst. The incoming X-ray beam was directed at 45° to the gas
flow direction along the catalyst within the reactor, and the
fluorescence signal was collected at 90° relative to the incoming
beam by an energy dispersive 4 pixel SDD detector. The gas flow was
analyzed behind the reactor outlet by a FTIR spectrometer (Multigas
2030, MKS Instruments). To increase the time resolution of the
spectrometer, the product flow from the reactor was diluted by inert
gas in a ratio of 1:4. Figure 1b shows the catalysts within the quartz
microreactor. A Pt/Al2O3 (upstream) and a second CeO2 catalyst bed
(downstream) were placed within the microreactor, held in place, and
separated by quartz wool. Figure 1c displays the temperature
distributions of the Pt/Al2O3 and the CeO2 packed beds during the
Pt migration (50 ml

min
gas flow, containing 10% O2 in He). The catalyst

packed beds contained 1.9 mg of 1.9 wt % Pt/Al2O3 and 4.4 mg of
CeO2 in order to obtain two packed powder beds similar in length.
The resulting WHSV was ×8 104 l

hg
. For the CO oxidation

experiments, performed before and after the Pt migration on the
very same catalyst, the gas flow and WHSV were identical, and the gas
composition was 10% O2, 1000 ppm of CO, and He.
In Situ Quantification of the Pt Loading
The amount of Pt on Al2O3 and CeO2 was obtained via XAS in
fluorescence mode. Figure 2a depicts the Pt L3-edge fluorescence X-
ray absorption near edge structure (XANES) of a quartz reactor with
1.5 mm diameter, filled with a reference powder containing 0.94 wt %
Pt/Al2O3 of a 100−200 μm sieve fraction. The edge-step, which is the
jump in the total X-ray absorption μ(E) at the L3-transition energy of
11564 eV from the baseline of the pre-edge to that of the postedge
(both depicted as blue dashed lines in Figure 2), was 1.6 for this
specific Pt loading. The pre-edge (−175 to −90 eV) and the postedge
(100 to 980 eV with respect to the absorption edge, normalization

Figure 1. (a) In situ/operando XAS setup at the P65 beamline. The
catalyst within the capillary reactor was located at position 3. (b) 1.9
wt % Pt/Al2O3 catalyst powder bed (gray) and CeO2 powder bed
(yellow) inside a quartz microreactor, separated by quartz wool. The
gas flow was directed from left to right. Four measurement positions
for the X-ray beam (start and end, respectively) are indicated (beam
size H × W = 0.3 mm × 0.5 mm). (c) IR thermography image of the
Pt/Al2O3 (left) and CeO2 (right) packed powder beds during the gas
phase migration experiment in 10% O2/He.
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order = 3) lines were determined using the Athena software.26 With
increasing fractions of Pt, the absorption and therefore also the
fluorescence signal increase linearly. In Figure 2b, the measured ratios
of the Pt loading and the edge-step are shown for Pt/Al2O3 and Pt/
CeO2. Each measurement point in this figure was obtained from the
edge-step of a packed powder bed with a different Pt loading. These
Pt loadings were obtained by dilution of the catalyst with the
respective support material. For all these measurements, the distance
and angle of the fluorescence detector were held constant since the
fluorescence intensity decreases over distance and varies with the
angle.27 From the edge-step, the Pt mass (mPt) can be determined
under the assumption that the loading is constant for the respective
half of the catalyst bed. As an example, the 1.9 wt % Pt/Al2O3 powder
bed mass was 1.9 mg. This resulted in a Pt mass of

= ×m Pt loadingPt,Al2O3start
1.9 mg

2
for the first half of the 1.9 wt %

Pt/Al2O3 packed powder bed.
For the Pt on Al2O3 bed, the Pt loading at t = 0 h was determined

to be 1.77 and 1.26 wt % for the start and end positions, respectively.
Since the catalyst is known to exhibit 1.9 wt % of Pt, it is likely that
the amount of sample probed by the X-ray beam was not identical to
that of the calibration experiments (Figure 2). For the determination
of the calibration curves, packed powder beds much longer than the
beam size were utilized. For the migration experiment, the catalyst
beds were shorter (around 3 mm in length). Therefore, it is possible
that the beam which hits the catalyst surface under an angle of about

45° did not probe the whole sample (see SI for sketch). For the CeO2
bed, such errors can be excluded due to the strong absorption of
CeO2 which allows only the detection of fluorescence from near the
surface. Because the Pt loading was shown to exhibit a linear
dependency on the edge-step, the calculated Pt loadings of Pt/Al2O3
were multiplied by a constant in order to adjust for the nonprobed
Pt/Al2O3 volume.

CeO2 is known to be highly absorbent for X-rays. Figure 2c shows
that for a photon energy of 11564 eV, only about 20% of the X-rays
will be able to penetrate further than 20 μm inside the 100−200 μm
large CeO2 particles. Given that the fluorescence radiation must also
be able to penetrate the same thickness of CeO2 backward in order to
reach the fluorescence detector, XAS can be assumed to provide only
a signal from the outer shell of the CeO2 particles. Note that in reality
the 100−200 μm large CeO2 particles also exhibit pores, and
therefore X-rays will in average be able to penetrate deeper than
Figure 2c suggests. Such pores can potentially cause problems for the
quantification of Pt on CeO2 during the migration experiment.
Potentially limited gas phase transport of PtO2 into the pores can
impact the Pt distribution throughout the depth of the CeO2 particles.
Since, for CeO2, not the whole particle is probed due to the strong
absorption of the X-rays, the amount of Pt determined by a
comparison to the calibration displayed in Figure 2b can
consequentially be distorted. There is, however, no method for
determining if the transport was subject to mass-transfer limitations
during the Pt migration in O2 due to the lack of the reaction rate,

Figure 2. Method for tracking Pt loading by XAS. (a) Exemplary Pt L3 edge XANES spectrum of a packed powder bed containing 0.94 wt % Pt/
Al2O3. The absolute edge-step is indicated in blue. (b) Calibration curves for different Pt loadings of Pt/Al2O3 and Pt/CeO2 packed powder beds.
The dashed red lines are linear fits of the data points. The linear dependency between Pt loading and edge-step allows the determination of the Pt
loading during experiments. (c) Theoretical progression of the number of photons with an energy of 11564 eV (Pt L3-edge) for different
penetration depths inside of CeO2 and Al2O3 particles. Calculations were conducted with the Hephaestus software.26 Changes due to the presence
of pores were neglected for these calculations.

Figure 3. (a) EDX analysis of a mixed powder bed consisting of 1.9 wt % Pt/Al2O3 and CeO2 after 12 h of calcination at 800 °C in static air
followed by a reduction step. (b) Experimental procedure for both catalysts after 12 h of calcination in static air at 800 and 400 °C, respectively:
CO oxidation (blue) and NO oxidation (orange) light-off with reduction steps (red) in between. The light-offs used for discussion are marked with
symbols (*, + ). (c, d) CO oxidation (blue) and NO oxidation (orange) light-off curves for the two catalysts.
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which would be needed in order to compare it to the pore diffusion.
Because PtO2 which is formed may adsorb, dissociate, and be formed
again throughout the Pt/Al2O3 and the CeO2 beds and only the total
amount of Pt is tracked at 4 different positions, no reaction rate can
be estimated.
Density Functional Theory Calculations
The Vienna Ab Initio Simulation Package (VASP) was used to model
Pt single atom systems on different surfaces of CeO2.

28,29 A plane-
wave basis set with a cutoff energy of 450 eV, the projector
augmented wave method (PAW),30,31 and the Bayesian Error
Estimation Functional with van der Waals correlations (BEEF-
vdW)32,33 exchange−correlation functional were utilized. For a better
description of the delocalized Ce f orbitals, the applied GGA + U (U
= 5.0 eV) method was applied.34 The infinite slab models, used to
represent different facets of CeO2, consisted of three (110) or four
(111), (211), and (221) layers thick 2 × 2 × 1 unit cells, separated by
more than 15 Å of vacuum in the z direction. Atoms in the top two
layers were allowed to relax during geometry optimizations. The
Brillouin zones were sampled using a (4 × 4 × 1) Monkhorst−Pack k-
point grid35 for (111) and (110) facets, (6 × 6 × 1) for (100), and (3
× 4 × 1) for (221) and (211) surfaces. The convergence criterion for
geometry optimizations was a maximum force of 0.01 eV per Å. Spin
polarization was considered in all of the calculations.

■ RESULTS AND DISCUSSION

Pt Migration on the Molecular and Grain Size Level from
Pt/Al2O3 to Adjacent CeO2
In order to investigate the migration of Pt on a sub μm length
scale, migration experiments were carried out on mixed
powders containing 1.9 wt % Pt/Al2O3 and CeO2 powder in
a mass ratio of 1:1. The powders were calcined for 12 h in
static air at different temperatures, namely 400 °C and 800 °C.
Subsequent to the calcination, lean CO and NO oxidation
light-offs with reductive pretreatments were conducted.
Hereby, the aim was to uncover the impact of migration on
the catalytic activity of highly dispersed and larger, reduced
particles. The energy-dispersive X-ray spectroscopy (EDX)
map displayed in Figure 3a shows the distribution of Pt
(green), Al (blue), and Ce (red) in the catalyst after 12 h of
migration at 800 °C. Pt was found on Al2O3 and CeO2,
confirming the migration of Pt within the nm−μm length scale
in agreement with the literature.7,19 However, no Pt was found
on CeO2 in the case of calcination at 400 °C (see TEM in SI).
This is in line with the literature, where the migration of Pt in
the form of PtO2 has been shown6 and calculated7 to have little
impact at 400 °C under oxidative conditions. Furthermore, a
single Pt/Al2O3 particle with a diameter of about 10 μm within
an environmental cell was investigated in synthetic air. The X-
ray fluorescence intensity of the Pt-Lβ fluorescence line
originating from the investigated particle decreased over time,
indicating that Pt becomes mobile under oxidizing conditions.
More details can be found in Chapter “In situ fluorescence
study of a Pt/Al2O3 particle” in the SI.
In addition, a series of lean CO and NO oxidation light-offs

were conducted (Figure 3b) to investigate the aging effect on
the activities, which are highly dependent on the Pt particle
size and its support material. Light-offs were always performed
3 times in succession in order to ensure reproducibility, and
after each CO and NO oxidation light-off series, a reduction
step was introduced to increase the Pt particle size. Note that 2
reduction steps were conducted due to an expected
redispersion of Pt on CeO2 during lean CO oxidation at 400
°C.24,36 The impact of the reduction step on catalytic activity
was obtained by comparison of the last CO and NO oxidation

light-offs before reduction and the first CO and NO light-offs
after reduction. The first two light-offs before the reduction
steps were used to clean the surface. The respective second and
third light-offs after reduction may differ from the first light-off
after reduction due to Pt redispersion on CeO2 for the sample
calcined at 800 °C, which is the reason why they were not used
for the comparison of the catalytic activity (all light-off curves
are displayed within the SI).
The direct comparison of the CO oxidation light-offs

(Figure 3c, d left, *) revealed that the light-off temperature
T50% of the catalyst calcined at 800 °C was 22 K higher than
that of the catalyst calcined at 400 °C. This catalytic behavior
fits well with the migration of Pt to the CeO2 support. During
the calcination at 800 °C, the formation of Pt single atoms on
CeO2 occurs via atom trapping.19 As such, Pt single atoms on
CeO2 are known to be less active than Pt particles on
Al2O3,

24,37 and the CO oxidation activity of the catalyst
calcined at 800 °C was accordingly lower than that of the one
calcined at 400 °C. After the reduction step, the CO oxidation
activity improved for both catalysts (Figure 3c and d, left, +).
However, the catalyst calcined at 800 °C with the proven
migration of Pt showed a stronger activity improvement. By
the reductive treatment, T50% could be decreased by 150 K. In
contrast to that, the catalyst calcined at 400 °C where Pt was
located on Al2O3 showed only a decrease in T50% by 60 K. It
has been reported36 that the reduction at temperatures as low
as 250 °C leads to the formation of Pt clusters on CeO2, which
are more effective for CO oxidation.38 The strong interaction
with CeO2 in contrast to Al2O3 enables a Mars−van Krevelen-
like mechanism for Pt/CeO2

39,40 and, by this, increases the
observed CO oxidation rates for Pt particles which are only a
few nanometers in size significantly in the low-temperature
regime. In the case of the NO oxidation reaction (Figure 3c, d
right), both catalysts showed NO conversion below 50%
within the experimental temperature range. The catalyst
without migrated Pt was slightly more active, displaying 37%
NO conversion at 400 °C (Figure 3d, right, *), while the
catalyst which experienced migration displayed only 32% NO
conversion at 400 °C (Figure 3c, right, *). The higher activity
might be explained by the lower efficiency of Pt single atoms
on CeO2 for NO oxidation in contrast to that of Pt particles on
Al2O3. The generally lower activity for highly dispersed Pt on
CeO2 for the NO oxidation reaction is caused by the high
oxidation state of small Pt particles in general.41 NO
conversion increased for both catalysts after the reduction
step. According to the literature, the increase in the catalytic
activity can be linked to the increase in the Pt particle size on
Al2O3.

41 The reduction steps (Figure 3c and d, right, +)
lowered T25% NO conversion for the catalyst calcined at 400 °C
by 50 K and for that calcined at 800 °C even by 75 K.
However, NO conversion was still superior for the catalyst
calcined at 400 °C (43% NO conversion) in contrast to the
catalyst calcined at 800 °C (36% NO conversion). This
suggests that, while the increase in activity was more
pronounced for Pt on CeO2, the Pt particles on the CeO2
support were still not the right size to outperform Pt/Al2O3.
Within this section, the migration of Pt from Al2O3 to

adjacent CeO2 particles was observed on the nm to μm length
scale for 12 h of calcination in static air at 800 °C. Such a Pt
migration was not observed during calcination at 400 °C,
resulting in vast differences between the catalytic activities of
the samples calcined at these temperatures.
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Pt Migration on the Millimeter Scale from Pt/Al2O3 to
CeO2
After the migration of Pt has been shown to occur under
oxidative conditions at 800 °C within the nm−μm regime, the
migration on the mm scale is investigated in the next step. For
this purpose, the method depicted in Figure 2 for in situ
tracking the catalyst Pt content in a time and spatially resolved
manner was used.
For the space- and time-resolved quantification of the

catalyst’s Pt content, in situ XAS measurements were
conducted at two positions of the Pt/Al2O3 and CeO2 bed,
respectively (cf. Figure 1b). As depicted in Figure 4a, the

spatially separated 1.9 wt % Pt/Al2O3 and CeO2 packed
powder beds were first exposed to a lean CO oxidation
reaction mixture (1000 ppm of CO, 10% O2 and He) for
increasing temperatures in order to obtain the initial CO light-
off temperature of the dual bed. This treatment was followed
by 16 h of gas phase migration at a maximum temperature of
approximately 800 °C under oxidative conditions (10% O2 and
He). During the 16 h of migration, the Pt loading of the first
and second halves of the Pt/Al2O3 and CeO2 powder bed was
monitored via in situ XAS. Afterward, a second CO oxidation

light-off was performed in order to compare the light-off
temperatures before and after the Pt migration. The temporal
evolution of Pt loadings and Pt mass (mPt) during the oxidative
treatment at the 4 positions of the two catalyst beds (labeled as
“start” and “end” in Figure 1b) is depicted in Figure 4d and e.
During the migration at Tmax = 800 °C (Taverage ≈ 670 °C), the
Pt loading decreased over time at the start and end of the
Al2O3 bed in a linear manner. Within 16 h, the total Pt loss of
the Pt/Al2O3 catalyst was about 13% (Figure 4d). On the
CeO2 powder bed catalyst (Figure 4e), the amount of Pt at the
start position increased strongly within the first 4 h, then
increased only slightly, and reached a steady state after 10 h.
For the end position, no gain in Pt occurred within the first 4
h, followed by a linear increase in Pt loading. The observed
migration of Pt had an impact on its CO oxidation activity.
Figure 5a displays the CO conversion rate during the light-

offs. The light-off temperature T50% increased from before to
after the Pt migration by 100 K, which might be due to the
growth of Pt particles on Al2O3 above their optimal size of 2−3
nm for lean CO oxidation41−43 or as discussed before due to
the dispersion of migrated Pt on CeO2

36 known to exhibit only
little CO oxidation activity.24 For a deeper understanding of
the significant change in CO oxidation light-off temperature,
time-resolved operando XANES were measured during the
light-offs. The chemical Pt state, recorded at the start position
of the Al2O3 bed during the CO oxidation light-off, displayed a
typical behavior of slight reduction followed by reoxidation
when CO is being converted (Figure 5b).40,44 Pt on CeO2
showed the same behavior (Figure 5c) after the migration as
Pt/Al2O3 did before migration. However, there was one
difference. While the normalized XANES of Pt on Al2O3
exhibited a white line intensity of xμ = 1.73 at room
temperature, that of Pt on CeO2 was xμ = 2.63. Note that
the white line intensity increases with the oxidation state. A
higher white line intensity is typical for oxidized, highly
dispersed species due to their large surface to volume ratio.
With increasing particle size, particles become increasingly
reduced even if their surface is oxidized due to the bulk
sensitivity of XAS. The 13% of Pt transfer from Al2O3 to CeO2
cannot account for a T50% increase of 100 K, independent of
the catalytic activity of Pt/CeO2. Thus, the lower CO
conversion in Figure 5a after the migration has to at least
partly be attributed to growth in the Pt particle size on Al2O3.
In this section, Pt migration has been observed in situ in a

time and spatially resolved manner on the mm length scale.
Furthermore, the impact of the migration of Pt from Pt/Al2O3
to CeO2 on the catalytic activity was discussed. Interestingly,
for the CeO2 bed (Figure 4e), a nonlinear trend in the time-

Figure 4. (a) Experimental procedure: Lean CO oxidation light-off
was followed by oxidative treatment and finalized with a second CO
oxidation light-off. All displayed temperatures are those of the gas
blower. (b, c) Time-dependent, non-normalized XANES evolution of
the start positions of the Pt/Al2O3 and the CeO2 packed powder beds
during the migration. (d, e) Time evolution of the Pt loading (also
displayed as the amount of Pt) for two positions on the Al2O3 and
CeO2 powder beds. The dashed red lines in (d) are linear fits.

Figure 5. (a) CO conversion rate against gas blower temperature during the lean CO oxidation light-offs. (b, c) Pt L3-edge fluorescence XANES
evolution during the light-offs recorded at the start position of Al2O3 before migration and the start position of CeO2 after migration. The fractions
of oxidized Pt obtained by LCA with reduced and oxidized Pt references are depicted in (b). For (c), LCA was not conducted because XANES
alignment was not possible due to the strong X-ray absorbing nature of CeO2.
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dependent increase in Pt loading was observed. The saturation
of the first half of the CeO2 bed at a Pt loading of only 0.16 wt
% is lower than reported in the literature, where weight
loadings up to 3 wt % of Pt single atoms on CeO2 have been
reported. This raises the question if Pt atoms can, under these
conditions, only be deposited on certain CeO2 sites.45

Furthermore, as this study shows, it is important to consider
intra- and interparticle migration.
CeO2 Sites for Trapping Gaseous PtO2
In order to understand the origin of an upper Pt loading on
CeO2 (Figure 4e), the number of surface sites available for Pt
adsorption is estimated. If all possible adsorption sites for Pt on

Figure 6. DFT models for Pt inserted/adsorbed and substituted on CeO2 (111), (110), (211), (221), and (100). These structures were visualized
using the Vesta software.46

Figure 7. XAS data (Pt L3-edge) and EXAFS evaluation of CeO2 after 16 h of migration. a) Merged and normalized X-ray absorption spectrum
consisting of the CeO2 start and end positions (positions 3 and 4) measured under oxidizing conditions at room temperature after the 16 h of
migration. b) k3 weighted χ(k) of the merged XAS scan. c) DFT-calculated atomic model of Pt incorporated into 4 fold hollow sites of the CeO2
(110) facet with O2 for stabilization, which yielded the best results for the EXAFS evaluation. It is labeled in Figure 6 as “CeO2 (110) PtO + O2
substituted”. d) Closest oxygen atoms to the average Pt atom. The blue and green arrows display the distance between Pt and O. (e, f) k3 weighted
χ as well as the EXAFS fit with the structure depicted in c) are displayed in the absolute |χ|, the real space Re(χ), and the imaginary space Im(χ)
against the radial distance (not phase shift corrected). For b), e), f), and g), the areas with white background display the data range used for fitting.
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the CeO2 start position are fully occupied, then gaseous PtO2
would be forced to move further downstream of the catalyst
bed before adsorbing.
To identify how the migrated PtO2 is present on CeO2, XAS

spectra were recorded at the start and end positions of the
CeO2 bed (at room temperature after 16 h of migration). The
spectra of both positions were merged and smoothed afterward
because of the low signal-to-noise ratio resulting from the low
Pt loading. Various structural models obtained from density
functional theory (DFT) calculations were considered for
fitting the experimental EXAFS data (Figure 6).
Because of the low Pt loading and its exposure to oxidizing

conditions at high temperatures, the Pt is expected to be
present as oxidized Pt single atoms in accordance with the
literature.36,45 PtO species adsorbed on CeO2(211) or
substituted into CeO2(111) and CeO2(110) facets with a 4-
fold planar geometry were found in the literature to exhibit the
best stability.24 Therefore, the considered DFT models
featured Pt atoms on CeO2 (211), (111), and (110) facets.
Furthermore, other facets, namely (221) and (100), were also
considered. Figure 6 displays these DFT models for single Pt
atoms on CeO2. Figure 7c displays the DFT model, which
resulted in the best EXAFS fit. This specific structure has also
been reported in literature.47

The structural model displayed in Figure 7c was the only
one out of the models depicted in Figure 6 that resulted in an
appropriate fit of the EXAFS data. It exhibits a geometry where
Pt is surrounded by four oxygen atoms, and a neighboring Ce
atom lacks an oxygen atom. Such a structural arrangement
offers the possibility of additional molecular oxygen being
stabilized at the position of the missing atomic oxygen on the
Ce atom, with the other end pointing toward the Pt surface.
The k3-weighted |χ(R)| spectrum shown in Figure 7e exhibits a
maximum at 1.6 Å. It originates from the backscattering of
electrons at the five nearest oxygen atoms at a distance of
approximately 2.0 Å (marked by blue arrows in Figure 7d).
Another maximum at 2.5 Å can be accounted for by an oxygen
atom of O2 at a distance of 2.9 Å, which is marked by a green
arrow in Figure 7d. The backscattering contribution at 3.0 Å in
the plot can be accounted for by single scattering of the
electrons on Ce atoms at distances between 3.2 and 3.3 Å.
Note that apart from the EXAFS fit, the DFT calculations also
indicate that Pt substitution in the CeO2 (110) facet is more
favorable by 1.560 eV at 1/4 monolayer coverage. CeO2 (110)
is hence stabilized by −0.030 eV/Å2 upon Pt substitution in
comparison to the substitution on CeO2 (111), an effect that is
of the same magnitude as the preferential surface energy of
clean CeO2 (111) over CeO2 (110) of −0.032 eV/Å2. We thus
speculate that the observation of the CeO2 (110) facet in our
catalyst is due to Pt-induced surface segregation as Pt
significantly stabilizes the CeO2 (110) facet over CeO2
(111). Details are provided in the Supporting Information.
Based on the structural model optimized by DFT

calculations depicted in Figure 7c, the theoretical coverage of
the CeO2 bed start position (Figure 4e, start) was estimated.
After 16 h of high temperature Pt migration under oxidative
conditions, the first half of the CeO2 bed (Figure 4e, start)
contained 3.45 μg of Pt, which corresponds to 1.1 × 1016 Pt
atoms. BET measurements conducted separately on two
identical CeO2 catalyst powders which were calcined for 5 h
at 800 and 700 °C revealed a specific CeO2 surface area of 73

and 104 m
g

2

, respectively. These calcination temperatures were

chosen because they were close to the temperature during the
migration experiment. From these BET surfaces and the mass
of the CeO2 beds, first half (2.2 mg), the total area of the CeO2
start position was estimated to be around 0.16 up to 0.23 m2.
In the DFT calculated model, each surface area of 42.52 Å2

contains one Pt atom. The surface therefore provides space for
3.8 × 1017 up to 5.4 × 1017 Pt atoms. The experimental data in
combination with the DFT model result in a surface Pt
coverage of 2−3%. This estimated coverage is too low to
explain the observed steady state of the CeO2 start position.
While there is a strong gradient along the axial direction of the
CeO2 bed (Figure 4e), the occurrence of gradients inside the
grains cannot be excluded. Since the calibration (Figure 2b)
was conducted on powders with homogeneous Pt distributions
inside the grains, such gradients are a potential source of error
in the determination of the Pt content. In order to trap Pt on
the CeO2 surface, the exposed surface facets play a crucial role.
CeO2 is known to exhibit multiple facets.48 The fraction of the
(111) facet in particular, which is the thermodynamically most
stable CeO2 facet, is known to increase with temperature under
oxidative conditions.49 While gaseous Pt has been claimed to
adsorb near Ce3+ sites and edge-steps on CeO2 (111) surface
facets,45 our experiments could be best represented by Pt in
hollow sites on the (110) CeO2 facet, as shown by the EXAFS
evaluation (Figure 7). Since this facet only makes up a part of
the total CeO2 surface, the (110) surface saturation with Pt
exceeds the calculated 2−3% of coverage. For a CeO2 surface
facet ratio of (110)/others ≈ 1/40, the CeO2 (110) surface
coverage with Pt would reach 100%, and the observed steady
state in the Pt content of the CeO2 start position in Figure 4e
could be explained.

■ CONCLUSIONS
In this work, the migration of Pt from Al2O3 to CeO2 was
investigated on multiple length scales ranging from the nm
scale using TEM over the μm scale using X-ray fluorescence up
to the mm scale using XAS. In a first experiment, a Pt/Al2O3
and a CeO2 powder were mixed and calcined in air at 400 and
800 °C, respectively. Via TEM, the migration of Pt onto CeO2
was revealed to take place on the molecular and grain size scale
for calcination at 800 °C but not at 400 °C. The CO and NO
oxidation reactions were utilized to investigate the impact of
the Pt migration on the conversion. Here, migration was
shown to have a positive impact on the CO oxidation reaction
and a negative impact on the NO oxidation reaction. However,
an additional reaction step after the light-offs revealed a
stronger improvement in activity for both reactions for the
mixed powder that experienced Pt migration. This might be
explained by the particle size dependencies of the activities on
both support materials. Furthermore, the migration was
tracked on the μm scale by X-ray microscopy, revealing a
significant loss in Pt content for a 10 μm large Pt/Al2O3
particle within several hours. On the mm scale, the Pt
migration was observed for a spatially separated dual bed by in
situ XAS in a time and spatially resolved manner. The absolute
values of the XAS edge-steps were used to quantify the Pt
loading of Pt/Al2O3 and Pt/CeO2 catalysts. At a maximum
temperature of 800 °C under oxidative conditions, Pt migrated
from a 1.9 wt % Pt/Al2O3 powder bed to a CeO2 bed, which
was spatially separated by a distance of roughly one millimeter.
Within 16 h, 13% of the Pt migrated from the 1.9 wt % Pt/
Al2O3 catalyst bed to a fixed bed of high surface area CeO2.
The migrated Pt atoms were identified by EXAFS together
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with DFT-derived structural models to be present foremost on
the (110) facets of the CeO2. There, the Pt atoms were
revealed to be situated in 4-fold coordinated CeO2 hollow sites
with bimolecular oxygen for stabilization. The measured Pt
uptake of CeO2 did not exceed a Pt/CeO2 weight loading of
0.16 wt % within 16 h of migration. This limit likely originates
from the reached adsorption capacity of the locally available
CeO2 sites. Macroscopic effects like a Pt distribution
throughout the intraparticle pores could further add to the
relatively low Pt/CeO2 loading obtained in this work. Here,
spectrotomography measurements could provide the means to
reveal the Pt single site distribution throughout the pores of
CeO2. Furthermore, it would be of interest to vary the surface
area of CeO2 and the grain size of the CeO2 powder. The
presented XAS-based method for tracking the Pt loading can
be used as an experimental tool for in situ and operando studies
on high temperature reactions as well as for the generation of
Pt-based single-site catalysts. Furthermore, knowledge about
the preferential Pt adsorption sites can be used to create spatial
gradients during the synthesis of Pt-based single-site catalysts.
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