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The thermal stability of inverse micelle prepared Pt nanoparticles (NPs) supported on
nanocrystalline y-Al,O3; was monitored in situ under different chemical environments

(H,, O,, H,0) via extended X-ray absorption fine-structure spectroscopy (EXAFS) and ex situ via
scanning transmission electron microscopy (STEM). Drastic differences in the stability of
identically synthesized NP samples were observed upon exposure to two different pre-treatments.
In particular, exposure to O, at 400 °C before high temperature annealing in H, (800 °C) was
found to result in the stabilization of the inverse micelle prepared Pt NPs, reaching a maximum
overall size after moderate coarsening of ~1 nm. Interestingly, when an analogous sample was
pre-treated in H, at ~400 °C, a final size of ~5 nm was reached at 800 °C. The beneficial role of
oxygen in the stabilization of small Pt NPs was also observed in situ during annealing treatments
in O, at 450 °C for several hours. In particular, while NPs of 0.5 4+ 0.1 nm initial average size did
not display any significant sintering (0.6 &+ 0.2 nm final size), an analogous thermal treatment in
hydrogen leads to NP coarsening (1.2 & 0.3 nm). The same sample pre-dosed and annealed in an
atmosphere containing water only displayed moderate sintering (0.8 £+ 0.3 nm). Our data suggest
that PtO, species, possibly modifying the NP/support interface, play a role in the stabilization of
small Pt NPs. Our study reveals the enhanced thermal stability of inverse micelle prepared Pt NPs
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and the importance of the sample pre-treatment and annealing environment in the minimization
of undesired sintering processes affecting the catalytic performance of nanosized particles.

1. Introduction

The crucial role that the nanoparticle (NP) size plays in a
variety of technological applications of nanomaterials in the
fields of nanoelectronics, optics, sensing, and catalysis has
become common knowledge."” In particular, due to the
increased surface to volume ratio obtained with decreasing
NP size and the availability of an increasing fraction of low-
coordinated atoms on the NP surface, enhanced catalytic
performance has been generally reported with decreasing NP
size.5 13 Furthermore, the NP size was also shown to influence
the binding of adsorbates'®!” and selectivity of NP catalysts.'5 2
Sintering is a major factor contributing to the decrease in the
reactivity of NPs used in catalytic converters*® and fuel cells.?*
Therefore, designing NP-support systems that ensure the
stability of the NPs under reaction conditions, e.g., under a
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given chemical environment and at high temperature, is
essential in order to maintain their catalytic performance
and lifetime in an industrial setting.?> A variety of approaches
have been used in the past in order to stabilize NPs, including
their confinement in mesoporous matrices, encapsulation by
ligands, and chemical redispersion pre-treatments.!!>633
Nevertheless, extreme caution must be taken when using
some of the former approaches in order not to compromise
active reaction sites due to residual contamination from the
stabilizing agents, or to the limited accessibility of certain
reactants to the NPs.

Although a number of studies have been dedicated to
monitoring NP formation and stability before and after reac-
tion or after a given thermal treatment,”>**! fewer in situ
real-time investigations are available.**** Furthermore,
despite the fact that in industrially relevant catalytic combus-
tion processes NP sintering occurs at elevated temperatures
(>750 °C),* % most of the in situ studies published to date
describe a much lower temperature regime,”' which is due in
part to intrinsic limitations of the experimental techniques
used. The present work describes the effect of the NP synthesis
method, pre-treatment and annealing environment on the
thermal stability and coarsening behavior of inverse micelle
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prepared Pt NPs supported on high surface area y-Al,Os.
Emphasis is given here to monitoring the changes in the
structure of the NPs under in situ conditions (e.g. before,
during and after ligand removal and under diverse chemical
environments) via EXAFS. Our in situ real-time measurements
were carried out in the presence of O,, H,O, or H, up to
450 °C and in H, up to 800 °C. Our spectroscopic results are
compared with ex situ TEM data acquired after three different
NP pretreatments (as prepared samples) and after high
temperature annealing. The temperature regimes selected in
this study are relevant to industrial catalytic processes. For
example, operating temperatures of about 450 °C have been
reported for n-heptane reforming,® NO oxidation,>® and
steam reforming of dimethyl ether,®® while steam methane
reforming™ and sulfuric acid decomposition processes*® were
found to take place in the 800 °C temperature regime.

2. Experimental details
(a) Sample preparation

Inverse micelles were created by dissolving polystyrene
2-vinylpiridine [PS(27700)-P2VP(4300) for SI-S2 and PS(16000)-
P2VP(3500) for S3-S5] in toluene. Subsequently, the micellar
cages were loaded with Pt (H,PtCls precursor) with a 0.1
metal-to-polymer head (P2VP) ratio for S1-S2 and 0.05 ratio
for S3-S5. The NP solution was then mixed with nanocrystalline
y-ALO; (surface area > 150 m? g~ ') at a loading of 1 wt% Pt,
and allowed to dry in air at 60 °C. Additional details on the
sample preparation can be found in ref. 16, 20 and 56-60.
Following this synthesis, the final size of the encapsulated
NPs is determined by the length of the polymer head (P2VP)
and by the metal/P2VP ratio. For this study, we have prepared
five separate samples with identical synthesis parameters (same
NP solutions) for S1-S2 (first sample set) and S3-S5 (second
sample set), and exposed them to three different pre-treatments
and annealing environments in order to explore their influence
on the dispersion and thermal stability of the NPs. Sample 1
(S1) was annealed in 70% O, (balanced by He) at 200 °C for
1 hour (as-prepared state). Sample 2 (S2) was only dried in air
at 60 °C (as-prepared state). Subsequently, both samples were
transferred into a high-temperature reactor cell compatible
with EXAFS measurements and exposed to the following
in situ treatments: (i) S1 was annealed in 100% O, between
375 °C and 400 °C for ~4.5 hours; (ii) S2 was annealed in 50%
H, (balanced by He) at 400 °C for ~ 1.1 h. After the former
distinct pre-treatments, both samples were isochronally step-
wise annealed in H, (50% H, balanced with He with a total
flow of 50 ml min~') from 400 °C to 800 °C for a total of ~6
hours (~ 1.0 h at 400 °C, ~1.4 h at 500 °C, ~ 1.2 h at 650 °C,
~2.3 h at 800 °C). It should be noted that after the latter

Table 1

treatment at 800 °C, the X-ray photoelectron spectroscopy
(XPS) data from these samples revealed the complete absence
of residual ligands (no C-1s signal), Fig. S1 (ESIf). As
described in detail in ref. 58, the annealing of similar inverse
micelle prepared Pt NPs up to 500 °C in H,, did not lead to the
complete removal of the encapsulating polymeric ligands,
while an absence of carbon is observed on the same sample
when annealed at/above 375 °C in 0,.2080 Therefore, the
starting state of NPs in S1 before the H, annealing at/above
400 °C is characterized by ligand-free NPs, while residual
polymeric ligands are still expected on S2 NPs at the same stage.
Samples 3—-5 were prepared with a slightly different NP
solution with respect to samples S1 and S2, as described above,
also leading to the formation of small NPs. These three
identical samples were pre-treated in O, (70%) at 375 °C for
24 h and subsequently in situ reduced in H, (50%) at 375 °C
for 30 min. Next, sample S3 was annealed in O, at 450 °C for
3 hours and sample S4 was dosed with water at atmospheric
pressure using a bubbler and annealed in the presence of water
vapor and He at 450 °C for 3 hours. Finally, sample S5 was
annealed in H, at 450 °C for 3 h. At the end of each thermal
treatment, all three samples were reduced in hydrogen at
375 °C and the final NP size evaluated in situ via EXAFS
(in H») and ex situ via STEM, both at RT. The summary of
different treatment for each sample is provided in Table 1.

(b) Sample characterization

High-Angle Annular Dark Field (HAADF) STEM measure-
ments were performed on our samples before and after the
coarsening investigation to obtain information on the NP size.
A suspension created by mixing the powder samples with
ethanol was placed on a carbon-coated TEM Cu grid.
HAADF images of the Pt/y-AlL,O; samples were acquired
under scanning mode within a JEOL 2010F TEM operated
at 200 kV. The probe size of the STEM is about 0.14 nm.

The high absorption of the nanocrystalline alumina support
makes measurements of very small Pt NPs (<1 nm) difficult,
even in the HAADF STEM mode, due to the poor contrast. In
addition, such images only provide information on the NP
diameter, but not on the NP shape or structure. Nevertheless,
bright field TEM investigations of these types of samples are
also not possible due to the high internal structural disorder of
the small NPs, especially when studied ex situ after air
exposure, i.e., in the presence of PtO, species.

TEM images of the as-prepared, 800 °C H,-annealed, and
450 °C H,0, O,, and H,-annealed samples were acquired,
Fig. 1 and 3. NP diameter histograms obtained by measuring
the full width at half-maximum of at least 600 particles per
histogram are shown in Fig. 2 and 4. The size histograms
presented here are limited by the resolution of the TEM and

Summary of the ex situ and in situ treatments applied to samples S1-S5

Sample Pt NPs/y-Al,O; Ex situ pre-treatment

In situ pre-treatment In situ thermal treatment

S1 200 °C (1 h in O,)
S2 60 °C (3 h in air)
S3 375°C (24 h in Oy)
S4 375°C (24 hin Oy)
S5 375°C (24 hin O,)

375-400 °C (1.1 h in O,)
400 °C (1.1 h in H»)
375 °C (0.5 h in Ha)
375 °C (0.5 h in Ha)
375°C (0.5 h in Hy)

400-800 °C (6 h in Ha)
400-800 °C (6 h in H,)
450 °C (3 h in 0,)

450 °C (3 h in H,0)
450 °C (3 h in Hy)
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therefore, do not contain values below 0.14 nm. The error bars
provided for the average TEM diameters are the standard
deviation of the measured NP diameters. In the case of NPs
which were not round in shape, for example, those that had
sintered (S2), two diameters were measured (along the long
and short axes) and averaged.

EXAFS measurements at the Pt-L; edge were conducted
in situ during the different thermal treatments at the National
Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory (BNL). The experiments were carried out in
transmission (S1, S2) and fluorescence (S3-S5) modes at
beamline X19A with the powder samples pressed into thin
pellets and placed either inside a quartz tube surrounded by a
clam shell furnace (S1, S2) or inside a reactor cell with heating
and cooling capabilities (S3-S5). The quartz reactor tube is
sealed by Kapton windows which are placed outside the
furnace. The furnace was positioned on a motorized stage
and the quartz tube axis was aligned along the X-ray beam
direction. EXAFS spectra were measured at different tempera-
tures from room temperature (RT) to 800 °C in 50% H,
balanced by He. Up to a measurement temperature of 650 °C,
several successive scans were similar, within the noise, and
were averaged to improve the signal-to-noise ratio. At 800 °C,
time-dependent changes in the NP structure (size) were
observed for sample S1, and individual scans were used in
the analysis. Samples S3-S5 were reduced in situ at 375 °C
in H, and subsequently annealed in different environments
(0,, H,0, and H;) up to 450 °C for 3 hours.

The Athena and Artemis programs from the Ifeffit software
package were used to process and analyze the EXAFS data
acquired.®"®> A Pt foil measured in reference mode was used
to align different scans of the NP samples. The Artemis
program® % was used to fit the 1°' nearest neighbor (NN1)
Pt—Pt component of the EXAFS data. Theoretical EXAFS
signals were constructed with the FEFF6 program® using the
model structure of face centered cubic (fcc) Pt. The crystalline
structure of all reduced Pt NPs investigated here is consistent
with the fcc structure. Multiple scattering analysis (up to the
4™ shell) of similarly prepared Pt NPs in our previous study
also led to this conclusion.®® Fig. S7 (ESIt) shows that all of
the main fcc features in the EXAFS spectrum of the Pt foil
(r-space representation up to 5 A), are also present in our small
NPs when measured in hydrogen after reduction. However, it
should be noted that a hydrogen environment has been
previously reported to result in NP faceting and improved
crystalline ordering.®® No clear evidence of the melting of the
NPs under our experimental conditions was observed via
EXAFS. For instance, the main fcc signatures in the EXAFS
spectrum of a reference foil were also observed for S1 up to
800 °C when annealed in a hydrogen environment. Such
features should have disappeared to a large extent upon NP
melting.*® Also, a sudden change in bond length (R) and bond
length disorder (%) is expected at the onset of melting,®® which
was not observed during our thermal treatments. However, we
cannot rule out the melting of the smallest NPs in our samples
(e.g. those in S1 at 800 °C) exclusively based on our in situ
EXAFS data. The melting temperature of carbon supported
Pt NPs with a size of 2.5 nm is calculated to be between 827 °C
and 927 °C, while it could be as low as 427 °C-527 °C for

1.2 nm NPs.%” Additionally, supports with high melting tem-
perature, such as y-Al,Os, used in this study have been shown
to increase the melting temperature of the NPs.®®

During the analysis of the time-dependent scans of S1, the
bond length disorder parameters (¢°), also known as EXAFS
Debye—Waller factors (the mean square displacement of the
scattering atom relative to the adsorbing atom), were con-
strained to be the same for all scans acquired at different times
at each of the evaluated temperatures. This approximation is
justified only at elevated temperatures, i.e., when the size-
dependent changes in the bond length disorder are small
compared to the dynamic disorder.®® Since the onset of
particle coarsening for S1 was observed above 650 °C, when
the dynamic contribution to o> dominates, the former approach
is justified. The 1*' NN coordination numbers (CNs), Pt-Pt
distances, and third cumulants were varied in the fits. Details
on the quality of the fits of the EXAFS data of S1 and relevant
fit parameters, including the k-ranges for the Fourier trans-
form, are shown in Table S1 (ESI) and for samples S3 and S4
in Table S2 (ESIf). In this manuscript, we only show a detailed
analysis of the EXAFS data from sample S1 after annealing at
high temperature, since significant coarsening was already
observed in the differently pre-treated, as-prepared sample
S2 at 400 °C. In addition, for the lower temperature thermal
treatments (450 °C), the influence of the annealing environ-
ment on NP coarsening is also illustrated by comparing
reduced samples measured in H, at RT before and after a
given annealing treatment in O,, H,O, or H, (S3-S95).

3. Results and discussion

Fig. 1 presents high resolution HAADF STEM images of
samples (a) S1 and (b) S2 as-prepared, and after annealing in
H, up to 800 °C (c, d), respectively. The corresponding NP
diameter histograms are shown in Fig. 2. Despite slightly
different treatments (S1 was annealed in O, at 200 °C while
S2 was annealed in air at 60 °C), the size distributions of the
as-prepared clusters were found to be similar (0.3 £+ 0.1 nm for
both S1 and S2), as expected for samples synthesized using the
same NP micelle solution. Since both samples show average
diameters close to the microscope resolution, the actual particles
might even be smaller in size. In both cases, the low annealing
temperature used did not lead to the removal of the encapsu-
lating ligands (PS-P2VP) (see XPS data of S2 as-prepared in
Fig. S1, ESIt), and we do not expect these organic ligands to
be detected via HAADF-TEM.

In order to gain further insight into the evolution of the
structure of our NPs, in situ EXAFS measurements were
carried out. It should be highlighted that EXAFS is a com-
plementary method to TEM, also presenting certain valuable
advantages: (i) it can be used to extract information on the
evolution of the NP size (via the atomic coordination numbers)
during a given thermal or chemical treatment. In the present
study, thermal treatments up to 800 °C in H, and up to 450 °C
in H,, O, and H,O were implemented. Such in situ investiga-
tion of the evolution of the NP size at elevated temperatures
and in the presence of gases is at present not possible in
environmental TEMs for NPs of this small size (~1 nm). (ii)
EXAFS can provide insight not only into the NP size at a
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Fig. 1 Representative HAADF STEM images of samples (a, ¢) S1 and
(b, d) S2 containing inverse micelle prepared Pt NPs supported on
v-AlLO;. Both samples were prepared with an identical inverse micelle
prepared NP solution, but, different pre-treatment conditions were used.
Sample S1 was annealed in O, at 200 °C for 1 hour after drying (a), while
sample S2 was only dried in air at 60 °C (b). After the distinct pre-
treatments, S1 was first annealed in O, at 400 °C followed by a stepwise
annealing in H, from 400 °C to 800 °C (c). Sample S2 was never exposed
to O,, only stepwise annealed in H, from RT to 800 °C (d).
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Fig. 2 Histograms of nanoparticle diameters extracted from
HAADF STEM images of samples (a, ¢) S1 and (b, d) S2 shown in
Fig. 1. The data in (a) and (b) correspond to the as-prepared samples,
while (c) and (d) were obtained after stepwise sample annealing in H,
up to 800 °C. The inset in (c) shows a small fraction of large NPs
observed on S1 after annealing.

given temperature and under a given chemical environment,
but also into the structure of the NPs®*7° (¢.g. fcc or icosahedral).
For NPs within this size range (~1 nm), this is not possible

Fig. 3 Representative HAADF STEM images of samples containing
inverse micelle prepared Pt NPs supported on y-Al,O5: (a) S3-S5 as
prepared, (b) S3 after annealing in O, at 450 °C, (c) S4 after annealing
in He + H,O at 450 °C, and (d) S5 after annealing in H, at 450 °C. All
samples were prepared with an identical inverse micelle prepared NP
solution.
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Fig. 4 Histograms of NP diameters extracted from HAADF STEM
images of samples (a) S3-S5 as prepared, (b) S3 after annealing in O,
(c) S4 after annealing in He + H,O, and (d) S5 after annealing in H,
shown in Fig. 3.

via ex situ TEM, since the NPs can only be resolved in
HAADF dark field mode, where only the NP diameter, and
if calibrated, the number of atoms can be obtained, but not the
lattice parameter or structure. In addition, the EXAFS
measurements can be done after NP reduction (in H,), and
H, is known to induce faceting and improve the internal
ordering of the NPs. The ex situ TEM work must be done
on “air exposed” samples, which will intrinsically have a worse
ordering, or no long-range ordering at all, due to the formation of
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PtO, species on the NP surface. (iii) EXAFS can provide
information on Pt-Pt distances for very small NPs,”"*”> whose
structure cannot be resolved via ex-situ TEM. Even in situ
bright field TEM measurements on reduced NPs (e.g. in Hy)
are extremely challenging for NPs within this size range, and
have not been reported for the system at hand (Pt NPs on
nanocrystalline y-Al,03). (iv) EXAFS can also provide infor-
mation on the degree of internal disorder of the NPs via the
“static disorder” parameter.”' (v) EXAFS can provide insight
into the presence of adsorbates on the NP surface as well as on
the formation of oxidic species.'*2>"* Such information would
not be detected via ex situ TEM for very small NPs, especially
if such oxide shells are highly disordered (amorphous). (vi)
EXAFS provides ensemble averaged values from the entire
sample while TEM provides local information.

As was described in the experimental section, the as-prepared
samples were subsequently subjected to two different treat-
ments before high temperature annealing. Sample S1 was
annealed in O, up to 400 °C and S2 in H, up to 400 °C. After
such in situ treatments, identical EXAFS measurements
carried out at 400 °C in H, revealed significantly larger CNs
for the NPs pre-treated in H,, namely, 9.3 + 1.6 for S2 versus
6.9 + 0.7 for sample S1. Subsequent stepwise isochronal
annealing of both samples in H, from 400 °C to 800 °C led
to a clearly distinct coarsening behavior, as evidenced by the
TEM images in Fig. 1(c) for S1, (d) for S2, and the corre-
sponding histograms in Fig. 2(c) and (d). From the analysis of
nearly 1100 NPs, the average NP diameter in S1 after annealing
at 800 °C in H, was found to be 1.0 & 0.2 nm. Nevertheless,
a few NPs >10 nm (37 NPs) were also observed, Fig. 2(c)
(inset). On the other hand, significant overall coarsening was
observed for S2 after an identical high temperature treatment,
with an average final NP diameter of 5.0 + 1.5 nm. Since for
large NPs (>3 nm) bulk-like EXAFS 1®* NN CNs are
obtained (12 for bulk Pt), and the NPs in S2 were already
large according to EXAFS after the pre-treatment in H,
(400 °C), EXAFS data acquired for this sample above
400 °C are not shown in this report.

Fig. 3 displays HAADF-STEM images of samples S3-S5
after different thermal treatments: (a) as-prepared (all three
identical samples annealed in O, at 375 °C for 24 h), (b) S3
after annealing in O, + He at 450 °C (3 h), (c) S4 after
annealing in H,O + He at 450 °C (3 h), and (d) S5 after
annealing in H, + He at 450 °C (3 h). All three samples were
reduced in H, at 375 °C (30 min) after the former treatments
before the subsequent room temperature-EXAFS and STEM
analyses. The corresponding TEM NP diameter histograms
are shown in Fig. 4. Additional lower magnification STEM
images of S3—S5 demonstrating the overall homogeneity of the
NP size and substrate dispersion are shown in Fig. S2 (ESI¥).
The ligand-free as-prepared samples were characterized by an
average NP size distribution of 0.5 + 0.1 nm. Water dosing
and subsequent annealing at 450 °C in H,O + He did not lead
to drastic changes in overall sample morphology, although
some sintering was observed: 0.8 + 0.3 nm (S4). On the other
hand, a drastic increase in the average NP size was observed
when the same sample (a different portion of the same
identical starting sample) was annealed in hydrogen, 1.2 +
0.3 nm (S5), suggesting enhanced atomic/NP mobility in the

reducing environment. Surprisingly, when the same sample was
annealed in O,, lack of sintering was observed: 0.6 + 0.2 nm
(S3). These results are in agreement with the observations
made for S1 and S2, where pre-treatments in O, at 400 °C
contributed to the stabilization of the NPs. Since STEM is a
local probe allowing sampling of relatively small sample
regions, our observations will be compared to ensemble-
averaging data extracted from EXAFS measurements.

Fig. 5 shows Fourier transforms of EXAFS spectra of S1
acquired in situ at various temperatures and under different
gaseous environments. Representative EXAFS data in k-space
from S1 are shown in Fig. S3 (ESIY). From 400 °C to 650 °C,
multiple, nearly identical EXAFS scans (36 scans) acquired at
the same temperature were merged. Systematic differences
were observed among individual scans acquired at 800 °C,
and therefore, those data were not merged. Three representa-
tive scans acquired at 800 °C are shown in Fig. 5. The
spectrum corresponding to the as-prepared state of S1 is
characterized by a large peak near 1.7 A (phase shift uncorrected).
This feature corresponds to a convolution of Pt—O and other
bonds related to the presence of the polymer® and residual
species from the metal precursor salt around the Pt ions
(e.g. Pt-N, Pt-—C, Pt—Cl from PS-P2VP and H,PtCls). Annealing
in O, at 375 °C leads to the removal of the polymer, and the
low-r component observed in the spectrum, now at ~1.6 A,
can be entirely assigned to Pt—-O bonds in PtO, species
(corresponding to a real space Pt-O distance of ~2 A).zo
In situ annealing at 400 °C in H, leads to the disappearance of
the former feature and complete reduction of the Pt NPs. After
NP reduction, Fig. 5 reveals a decrease in the overall intensity
of the Pt-Pt EXAFS signal with increasing measurement
temperature up to 650 °C, which is consistent with the effect
of thermal bond length disorder. Interestingly, a sudden
increase in the magnitude of the Fourier transform main Pt-Pt
component is observed at 800 °C (see inset in Fig. 5). This
effect can only be explained if the growth (coarsening) of the
NPs is considered, since the increase in the 13 NN CN will

800°C /

800°C - 1*

0.32

Pt-Pt Peak Height (&™)
o o
P b
8 3

’ Thermal Treatment Step

R (A)

Fig. 5 Fourier transform magnitudes of k*-weighted Pt Ls-edge EXAFS
spectra of S1 acquired in situ at various stages of a thermal treatment. The
spectra are organized chronologically, from top to bottom. The inset
displays the peak height of the main Pt-Pt component extracted from the
EXAFS data in the main panel at/above 650 °C.

This journal is © the Owner Societies 2012

Phys. Chem. Chem. Phys., 2012, 14,11457-11467 | 11461


http://dx.doi.org/10.1039/c2cp41339f

Downloaded by University of Central Floridaon 30 July 2012
Published on 25 June 2012 on http://pubs.rsc.org | doi:10.1039/C2CP41339F

View Online

compensate the decrease in the signal induced by thermal
disorder. At the same time, the disorder is expected to decrease
due to the larger fraction of interior, bulk-like bonds within
the larger NPs. That effect also leads to an increase in the FT
magnitude of the Pt-Pt peak. We do not report the disorder
values for S1 at the different temperatures since the trend was
not distinguishable outside experimental uncertainties. From
the fit of the EXAFS spectra in Fig. 5, the Pt—Pt distances and
1" NN CNs were obtained at different temperatures. A
representative spectrum acquired in H, at 500 °C and fit are
shown in Fig. 6(a). For SI in H,, the Pt—Pt distances start at
2.73(3) A (400 °C) and increase with increasing annealing
temperature to 2.76(3) A (650 °C), until reaching a maximum
of ~2.80(3) A at 800 °C, and then decreased to 2.75(2) A at
RT after NP coarsening, Fig. S4 (ESI{). The changes in the
Pt—Pt distances measured can be assigned to several concomi-
tant factors: (i) the increase in the NP size with increasing
annealing temperature, since small NPs are normally charac-
terized by a contraction of the interatomic distances. Never-
theless, the temperature-dependent hydrogen coverage on the
NP surface must also be considered, since H adsorption has
been shown to lead to an increase in the Pt—Pt distances;**7+7°
(ii) positive thermal expansion. According to our nearly con-
stant EXAFS CNs, the increase in the Pt—Pt distances at and
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Fig. 6 (a) Fourier transform magnitudes of a k*>-weighted Pt Ls-edge
EXAFS spectrum acquired for S1 at 500 °C in H,, along with the
corresponding first shell fit using only a metallic Pt-Pt component.
Time evolution of (b) the first-nearest-neighbor (NN1) coordination
number of S1 and (c) the NP size extracted from EXAFS data. In (b),
the NN1 coordination number of S2 at 400 °C (triangle) is shown for
comparison purposes.

below 650 °C should not be explained in terms of NP growth
(coarsening), but should rather be assigned to the conven-
tional positive thermal expansion. The presence of hydrogen
on the NP surface cannot be used to explain the increase in the
distances with increasing annealing temperature, since it is
expected to desorb below our minimum annealing temperature
of 400 °C. At the high measurement temperatures employed
here, the H, coverage effect should not strongly impact the
bond lengths.

Fig. 6(b) illustrates the in situ time evolution of the 1%
nearest neighbor CNs obtained in hydrogen for S1 at different
annealing temperatures. The 1°* NN CNs remain stable up to
650 °C (~6.9), but were found to increase rapidly after
reaching 800 °C (~8.9 for the last scan at this temperature).
The latter is assigned to the onset of coarsening at 800 °C.
After cooling S1 to RT, the I** NN coordination number
remains stable (~9.2). The relatively low maximum CN
observed for S1 after the high temperature annealing process
indicates the enhanced thermal stability of these NPs as
compared to S2, which was characterized by a CN of ~12
at RT after annealing in H, at 800 °C (not shown). The latter
trend shows that the pretreatment in O, applied to S1 served
to stabilize the NPs and minimize their coarsening. From the
in situ EXAFS 1% NN CNs of S1, the thermal evolution of NP
size can be extracted via Fig. 7, as it is shown in Fig. 6(c). Fig. 7
displays the correlation between the 1°* NN CNs and the NP
diameter obtained from a database of three-dimensional fcc
NP shapes. Since the coordination numbers of atoms in a NP
are related to their size and shape, it is in principle possible to
estimate the size of NPs via EXAFS if the shape is known.”®””
However, shape analysis using EXAFS data is challenging,
since it requires information not just on the 1°* NN CN
(reported here for the EXAFS data acquired at different
temperatures), but also on the 2NN—4NN CNs.”%7!7677 The
detailed information needed for shape analysis must be
extracted from multiple-scattering (MS) analysis of EXAFS
data,”® which cannot be implemented with the relatively low
k-range of the EXAFS spectra obtained at high temperatures
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Fig. 7 Evolution of the NN1 coordination numbers of several fcc NP
shapes displayed versus the NP diameter. Some of the model NP
shapes used to generate this plot are shown for reference as insets. The
curve fitted to the data points serves as a guide for obtaining NP
diameter estimates based on EXAFS NNI CNs.
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due to the disorder-induced signal damping. The 3D NP
shapes shown as the inset in Fig. 7 represent some of the
possible fcc NP shapes which might be obtained for a given
NP size. We have selected those 3D NP shapes that were
previously observed to better match analogously prepared Pt
NPs.°® Furthermore, 3D NP shapes were obtained from
the multiple scattering analysis of the RT data of S1 after
annealing at 800 °C (see details in the ESI{ and Table S3). It
should be also noted that determining the NP size via« EXAFS
for large NPs (> 2 nm) is challenging, since as can be seen in
Fig. 7, a larger fraction of NP sizes would result in similar
coordination numbers (within experimental error bars). For
this reason, we have not used this method to estimate the size
of the large NPs in S2, but only those in S1 (~ 1 nm on average
according to TEM after coarsening), and have limited our
description of the coarsening behavior of S2 to our TEM
observations. This also explains the larger error bars obtained
for the EXAFS NP sizes of S1 at 800 °C, when NP coarsening
was found to set in.

Fig. 6(c) reveals an average EXAFS NP size after coarsening
of 1.8 &+ 0.5 nm, while the majority of the TEM NPs observed
after annealing at 800 °C had an average diameter of ~ 1.0 nm,
although a reduced number (~3%) of large NPs (> 10 nm)
were also observed via TEM. In order to understand the
difference between the EXAFS and TEM NP sizes, the
intrinsic distinctions existent between both techniques must
be noted. In particular, EXAFS is a volume-averaging technique
providing information from the entire sample, while TEM is a
local technique. Therefore, the best comparison between
EXAFS and TEM data is done by using volume-averaged
TEM sizes. In our case, for the majority of NPs in S1, the
volume-averaged TEM diameter (after heating at 800 °C) is
1.3 £+ 0.3 nm, which is in better agreement with the EXAFS
size. Furthermore, since small NPs are harder to detect via
TEM, caution must be taken in order not to overemphasize
the relative number (particle density) of large NPs present in a
given sample, since those are the only ones which will be
detected in low magnification images. This is especially
important when comparing TEM to EXAFS NP sizes, since
due to the mentioned volume-averaging in EXAFS, large NPs
hold a strong weight in EXAFS results.

In addition to the investigation of NP coarsening for two
samples identically synthesized but exposed to two different
pre-treatments and subsequently annealed in hydrogen, the
role of the gaseous environment during annealing was also
studied using as a target system three identical samples
containing ligand-free reduced inverse micelle prepared Pt
NPs (S3-S5). Fig. 8 displays r-space Fourier-transform
EXAFS data of those samples measured at room temperature
in H, after reduction at 375 °C in H, (30 min) before (labeled
as-prepared) and after in situ thermal treatments at 450 °C in
0,, H,O vapor, and H,, in each case for 3 hours. Representative
EXAFS data in k-space of S3-S5 measured at room tempera-
ture in H, after annealing (450 °C) under different environ-
ments, together with similar data from the as-prepared sample
(after reduction in H, at 375 °C) are shown in Fig. S5 (ESIf).

After the former treatments, all samples were reduced in H,
at 375 °C before the acquisition of the final RT-EXAFS data
in H, shown in Fig. 8. A representative 1°-shell fit is shown
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Fig. 8 Fourier transform magnitudes of k*-weighted Pt Li-edge
EXAFS spectra acquired for samples S3-S5 at RT in H, after an
initial common pre-treatment in O, at 375 °C followed by reduction at
375 °C in H, and subsequent annealing in O, (S3), H,O (S4) and H,
(S5) at 450 °C for 3 hours. All samples were reduced in situ at 375 °C in
H, before the acquisition of the EXAFS data. A representative first-
shell fit of the EXAFS data of S5 is included as the inset.

as inset, and the results from those fits, including 1°* nearest
neighbor CNs, Pt-Pt distances and disorder (¢°) are included
in Table 2. After reduction in H, at 375 °C, the as-prepared
samples were characterized by NN1 = 6.5 + 0.4. Annealing in
oxygen for several hours at 450 °C did not induce any clear
changes in the average NNI1, with NN1 = 6.9 £+ 0.4 (S3),
indicating the stability of the NPs in the oxidizing environ-
ment. When the same sample (a different portion of the same
sample) was pre-dosed with water and annealed in a water-
containing environment (in He), a small change in the overall
NP size was observed via EXAFS, with NN1 = 7.3 £ 0.3 (S4).
In contrast, an identical thermal treatment in H, was found to
lead to clear NP sintering, with NN1 = 8.3 + 0.4 (S5). It
should be noted that the EXAFS findings are in good agree-
ment with our local TEM observations (Fig. 3 and 4).
Furthermore, following Fig. 7, NP sizes can also be estimated
based on the EXAFS NNI1 coordination numbers. Such data
are included in Table 2, and compared to volume-weighted
STEM diameters. An overall good agreement between the
EXAFS and STEM NP sizes is observed. Moreover, as can be
seen in Table 2, due to the overall small final average size of
the NPs in our samples (< 1.2 nm according to TEM), the
Pt—Pt distances obtained are smaller than those of bulk Pt, a
contraction which is expected for small NPs. Further, the
latter effect is observed even though all samples were measured
in H,, which has been shown to relax the Pt—Pt bonds.>”%-7>7°
Additionally, a correlation between the final NP size and the
magnitude of the EXAFS disorder was obtained, with the
largest values obtained for the as-prepared and O,-annealed
samples (0.0073-0.0078 AZ), and the smallest values for the
H,O and H, annealed samples (0.0066-0.0068 Az)‘ For com-
parison, a value of 0.005 A2 was obtained from the fit of a bulk
Pt foil.

Summarizing, our study revealed a clearly distinct coarsening
behavior of two identically prepared samples (S1, S2) exposed
to two distinct pre-treatments before high temperature annealing
and of three identical samples after annealing in different
environments (S3 in O,, S4 in H,O, S5 in H,). This is
schematically depicted in Fig. 10. As was described above,
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Table 2 First-nearest neighbor coordination number (NN1), Pt—Pt distance (R), disorder (¢°), and NP size extracted from EXAFS and STEM
data (diameter) after sample exposure to different in situ thermal treatments in O, (S3), H,O (S4), and H, (S5)
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i R TEM NP TEM volume-weighted EXAFS
Sample Pt NPs/y-Al,O5 NNI R (A) % (AY diameter (nm) NP diameter (nm) NP size (nm)
S1-S2 as prepared — — — 0.3(1) — —
S1in H, at RT, after annealing in H, at 800 °C 9.2(7)  2.75(2) 0.0076(8) 1.0(2) 1.3(3) 1.8(5)
S2 in H; at RT, after annealing in H, at 800 °C 12.3(9) 2.75(2) 0.0068(10) 5.0(15) — —
S3-S5 in H, at RT, after reduction in H, at 375 °C 6.5(4) 2.749(4) 0.0078(4) 0.5(2) 0.6(2) 0.9(1)
S3 in H; at RT, after annealing at 450 °C in O, + He  6.9(4) 2.750(3) 0.0073(3) 0.6(2) 0.8(3) 1.0(1)
S4 in H, at RT, after annealing at 450 °C in H,O + He 7.3(3) 2.752(2) 0.0066(2) 0.8(3) 1.2(4) 1.1(1)
S5 in H; at RT, after annealing at 450 °C in H, + He  8.3(4) 2.743(2) 0.0068(2) 1.2(3) 1.4(3) 1.4(2)
Pt foil 12 2.763(1)  0.0050(1)
enhanced thermal stability (no coarsening up to 650 °C) was
observed for the sample pre-treated in O, at 400 °C, S1. This 1.8+ (a) ——S3 (0, 450°C)

result is in agreement with previous findings by Alexeev et al.*!

demonstrating lack of sintering for Al,Os-supported Pt NPs
prepared via precipitation/impregnation upon annealing in O,
at 400 °C. Au NPs supported on SiO, were also found to be
thermally stable up to 500 °C when annealed in O,-containing
environments.”> On the other hand, the presence of much
larger NPs was inferred from the EXAFS CNs of the sample
pre-treated only in H, at 400 °C (S2), Fig. 6(b). Furthermore,
even after the onset of coarsening observed for S1 at 800 °C via
EXAFS, the majority of the NPs in this sample remained small
according to the relatively low final CNs (~9.2). This was
corroborated by our ex situ STEM images showing ~1 nm
NPs for S1 after coarsening, while ~5 nm were detected in S2.
The mechanism underlying the enhanced thermal stability of
O,-pre-treated samples (S1 here) is still not well understood.
However, it is likely related to the concomitant formation of
PtO, species, as it is shown in our EXAFS data of Fig. 8§ and 9,
where NPs annealed in O, were found to be more thermally
stable (S3) than those heated in H, (S5). The presence of
such species might contribute to strengthening the binding
between the Pt NPs and the Al,O5 support, as suggested for
Os-annealed Au NPs on SiO,?’ and Pd on Al,05.'® Interest-
ingly, Goeke and Datye?® previously reported smaller NP sizes
for Pd NPs synthesized by electron beam evaporation when
annealed in O, at 700 °C as compared to identical samples
pre-annealed in an inert atmosphere. This effect was also
assigned to the formation of PdO, species. The same explana-
tion is valid when the distinct stability of samples S3 (annealed
in O,) and S5 (annealed in H»,) is considered, with reducing
annealing environments favoring the sintering of the inverse
micelle prepared NPs above 375 °C, Fig. 10.

Even though the present EXAFS and TEM data cannot be
used to determine the coarsening mechanism underlying our
experimental observations,®® some similarities exist between
the behavior of the highly unstable Pt NPs in S2 encapsulated
by PS-P2VP at/below 400 °C, and Au NPs in poly(methyl
methacrylate) thin films.?” For the latter system, two different
stages were observed in the NP growth. An initial growth stage
at low temperature and/or, for short annealing times, involving
both Ostwald-ripening (OR, NPs grow via the transfer of
atoms from small to large NPs) and diffusion—coalescence
(DC, entire NPs diffuse on the support surface, collide, and
fuse into larger clusters), followed by a second sintering stage
once the organic ligands had been completely desorbed from
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Fig. 9 (a) Normalized absorption coefficient corresponding to the
Pt-L; edge and (b) Fourier transform magnitudes of k*weighted Pt
L;-edge EXAFS spectra of samples S3—S5 acquired at 450 °C in O,
H20 and Hz.

the NP surface; purely characterized by diffusion coalescence
processes. In our example, ~400 °C is the critical temperature
above which significant ligand removal occurs for the H,-annealed
NPs (although not complete up to at least 500 °C).>® Following
Meli and Green,”’ the coarsening observed for S2 below that
temperature is likely due to combined OR/DC phenomena,
with OR dominating for large initial interparticle distances;
while the diffusion of whole clusters is likely to set in at high
temperature once the stabilizing ligands have been removed.
The case of NPs in S1 is even more interesting, since in the
complete absence of the protecting ligands (after annealing in
0O, at 375 °C), no sintering was detected at least up to 650 °C.
The same applies to S3, which was annealed in O, at 450 °C
for 3 hours. An initial O,-mediated NP redispersion might
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Fig. 10 Schematic representation of the evolution of the structure and chemical state of our inverse micelle prepared Pt/y-Al,O3 samples (S1-S5)
under various thermal and chemical treatments inferred from the analysis of in situ EXAFS and ex sirzu STEM data.

contribute to this effect, since coalescence phenomena have
been shown to be less favorable when the NPs are widely
spaced.®! More importantly, the pre-treatment in O, is likely
to affect the structure, chemical state, and density of defects in
the Al,O; surface, which are also expected to influence the
stability of the NPs. In fact, the desorption of hydroxyl groups
from Pt NP/y-Al,O3 samples at/above 580 °C has been
reported,41 with ~80% OH removal at 600 °C.'° If OH
species were to act as anchoring sites for the Pt NPs, as
previously suggested for Pd/ALO;"° and Au/MgO,”® the
desorption of the latter would lead to sintering. Since signifi-
cant loss of OH groups is expected at/above 650 °C, a
plausible explanation for the onset of sintering in S1 is drastic
morphological and chemical changes in the support surface.
This effect adds to the additional partial de-stabilization of the
Pt NPs expected to occur after reduction of the PtO, species
by the H, treatment at 400 °C, since weaker NP/support
bonding has been reported for metallic NPs on oxides, as for
example reduced Pd on Al,O5.!° Therefore, our results indi-
cate that pre-treatments in O, might be valid alternatives to
stabilize as well as to regenerate coarsened catalysts via
catalysts redispersion, although the possible loss of Pt through
the formation of volatile PtO, species must also be taken into
account.'® In our example, by comparing the edge jump
(Pt-L3) of S1 before and after annealing in O, at 400 °C, no
loss of Pt was evidenced. However, such an effect cannot be
excluded after annealing treatments in O, at higher tempera-
tures.'® Regarding the stabilizing effect of hydroxyl groups
against NP sintering,”®%? our EXAFS and TEM data of the
sample pre-dosed with water and annealed in water vapor at

450 °C (S4) demonstrate that such pre-treatment contributes
to the partial stabilization of the NPs (as compared to S5
annealed in H,), although it is less efficient than the pre-
treatment or annealing in an O, atmosphere (S3). Fig. S6
(ESIT) shows XANES data of S4 acquired during the thermal
treatment at 450 °C in H,O. The progressive increase in the
intensity of the Pt-L3 absorption peak (white line) with increas-
ing annealing time demonstrates the gradual oxidation of the
NPs, which might explain their partial stabilization, as was the
case of the NPs in S3 after a similar treatment in oxygen.
Chlorine has been shown to play a crucial role in NP
coarsening and redispersion.®>* Although the precursor metal
salts used here contain Cl (H,PtCly), high resolution XPS data
revealed the absence of Cl from our samples after thermal
pre-treatments at/above 350 °C.'*®" Therefore, the possible
contribution of Cl to the results shown here for samples S3—-S5
is ruled out, since these samples were pre-annealed at 375 °C. For
samples S1, S2, our sintering study started after sample annealing
at 400 °C, which also ensured the removal of residual CI.
While platinum oxide species are unstable at high tempera-
ture (~450 °C) under ultrahigh vacuum (UHV) or reducing
atmospheres, they can be formed and stabilized at such
temperatures in oxygen environments. Fig. 9 shows the
XANES and EXAFS data obtained at 450 °C for samples
S3, S4, and S5 under O,, H,0, and H; environments, respectively.
From both, the increase in the white line intensity, Fig. 9(a),
and appearance of a Pt—O contribution in the EXAFS spectra
at ~2A,F ig. 9(b), the formation of stable PtO, species on our
samples is concluded. Although the increase in the XANES
white line intensity in Fig. 9(a) upon annealing in O, or H,O
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might also be indicative of the presence of chemisorbed oxygen,
and not PtO,, the presence of PtO, in samples S3 and S4 is
evident in the EXAFS spectra from the decrease in the Pt—Pt
contribution (coordination numbers) concomitant with an
increase in the Pt—-O component. Fig. S8 (ESI{) shows the
EXAFS spectra, fitted with Pt-Pt and Pt—O components. The
fit results are shown in Table S4 (ESI+). From this analysis, the
largest oxide content was obtained for S3 (O,) followed by S4
(H,0), while no significant Pt—O contribution was observed
for S5 (H»).

Although NP redispersion has been reported for the
Pt/y-Al,O; system after annealing in oxygen at temperatures
below 600 °C,3*® treatments at higher temperature in the same
environment were shown to result in NP sintering.33348687
Furthermore, redispersion of metal NPs was only observed
for systems characterized by strong interactions between the
metal oxides formed on the NPs and the oxide support. Such a
phenomenon was found to involve the detachment of metal
oxide species from the NPs and their subsequent migration to
trap sites on the support surface. The stronger binding of PtO,,
to Al,Os3, as opposed to metallic Pt, and better wetting of the
v-Al,O5 surface, is expected to underlie the enhanced thermal
stability of our Pt NPs after pretreatments in oxygen at
temperatures below 400 °C (sample S1 as compared to S2)
and also during coarsening treatment in oxygen at 450 °C
(S3 as compared to S5). It should also be noted that low metal
loadings and high surface area supports are crucial for this
phenomenon to occur,®® which might be related to the need of
available defect sites on the support surface to stabilize the
redispersed clusters. Sample annealing in reducing environ-
ments (e.g. hydrogen) or at high temperature in oxygen (above
600 °C) leads to the reduction of the oxidized metal species, the
concomitant weakening of the NP/support bond, and the
release of the trapped oxide species, resulting in NP sinter-
ing 8848 The latter is observed for samples S2 and S5.

In addition to enhancing the stability of the NPs against
coarsening, pre-treatments in oxygen may also lead to changes
in the catalytic activity and selectivity of NPs, as described by
Singh et al.*® during the oxidation of carbon monoxide and
Paredis er al.>° during the partial and total oxidation of
2-propanol.

The work described above emphasizes the importance of
in situ investigations for the understanding of coarsening
phenomena at the nanoscale. Furthermore, we have illustrated
that EXAFS is a powerful technique for monitoring the in situ
evolution of the structure and size of small NPs under real
industrial operation conditions, e.g. under high temperature
and in the presence of adsorbates. TEM is a great comple-
mentary technique to EXAFS for these types of studies.
Nevertheless, even though significant progress has already
been made in the development of environmental TEMs,
studies of NPs in the size range shown here for S1 (~1 nm)
at elevated temperatures (800 °C) are far from trivial, espe-
cially under a gaseous environment. Future developments in
this field are expected to allow combining spectroscopic
techniques such as EXAFS with microscopy techniques
such as TEM within the same environmental cell, which will
facilitate the determination of the coarsening mechanism and
related kinetics.

5. Conclusions

We have investigated the thermal stability of inverse micelle
prepared Pt nanoparticles supported on y-Al,O3 and demon-
strated the applicability of EXAFS as a tool for studying
nanoparticle coarsening at high temperature and under
gaseous environments. It is shown that different sample pre-
treatments lead to drastically different coarsening behaviors
for two identically synthesized NP samples, with a pre-
treatment in O, leading to decreased sintering. We found that
ligand-free inverse micelle prepared NPs can be stabilized
against coarsening up to at least 650 °C, and that they remain
relatively small (~1 nm) after annealing for several hours at
800 °C. In addition, the comparison of samples annealed at
450 °C under different chemical atmospheres corroborated
that reducing environments (H,) lead to drastic NP sintering
even at moderate annealing temperatures, while slight or no
coarsening was observed upon annealing in water and oxygen,
respectively. The formation of PtO, species upon O, annealing
and the associated increase in the strength of the NP/support
bond, possibly involving Pt-OH species, are considered to be
possible explanations for the observed effects. Our findings might
be of relevance for high temperature industrial catalysis applica-
tions, since sintered NPs with low surface-to-volume ratios have
been generally shown to display decreased chemical reactivities.
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