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Reversible Temperature-Induced Shape Transition of Pt
Nanoparticles Supported on Al,O3"

Ricardo Pool-Mazun,“f Salman A. Khan,>% Vinson Liao,” Thomas W. Hansen, Md Raian
Yousuf,* Piaoping Yang,? Abhijit Shrotri,* Adam S. Hoffman,” Simon R. Bare,/ Dionisios G.
Vlachos,*® Ayman M. Karim,*$

Supported platinum catalysts are widely used in industry for hydrogenation reactions. The variations
of the electronic and geometric properties of Pt nanoparticles due to temperature can greatly affect
their reactivity. In this work, we use in-situ X-ray absorption spectroscopy and environmental trans-
mission electron microscopy to study the effect of H, and temperature on the shape and electronic
properties of 1.8 nm average diameter Pt nanoparticles supported on Al,O3. We utilize actively
trained machine learning potentials with uniform acceptance force-bias Monte Carlo (fbMC) to esti-
mate the structural distribution of Pt;5/y-Al,03(110) clusters at finite temperatures. Our predicted
cluster geometries are consistent with experimental data showing the nanoparticles reversibly change
shape from 3D hemispheres at low temperatures (35-100 °C) to 2-2.5D rafts at higher temperatures
(200-400 °C). Furthermore, experiments and computations indicate that the contraction in Pt-Pt
bond distances and higher electron density on Pt at higher temperatures are attributed primarily to
the change in nanoparticle shape and associated increased interaction with Al,O3. Our results show

the fluxional nature of supported Pt nanoparticles driven by temperature changes.

Introduction

Supported metal nanoparticles are widely used in industry as cat-
alysts for different applications including oxidation and hydro-
genation reactions'2 with previous studies showing a strong par-
ticle size and shape effect on reactivity. For example, recent stud-
ies of Pt/TiO, catalysts for acetylene semi-hydrogenation (from
single atoms up to 2.1 nm nanoparticles), furfural decarbonyla-
tion/hydrogenation (1.5 to 7.1 nm), and hydrodeoxygenation of
furfuryl alcohol (from single atoms up to 5.0 nm) reported sig-
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nificant changes in selectivity, turnover frequencies (TOFs), and
apparent activation energies on different Pt nanoparticle sizes.3™)
For many catalytic studies, the size and shape are typically mea-
sured on the initial reduced catalyst. However, supported metal
nanoparticles, especially small clusters, are fluxional and dynamic
under reactive environments (e.g., the type of adsorbates and
their partial pressures) as well as temperature.m Temperature-
or adsorbate-induced changes in size, shape, or electronic proper-
ties can have significant consequences on catalytic activity and/or
selectivity [H12 Therefore, understanding the effect of tempera-
ture and adsorbates on the size and shape of metal nanoparticles
is of great importance.

Particle size distribution is usually determined by statistical
analysis from high-angle annular dark-field scanning transmis-
sion electron microscopy images (HAADF-STEM). However, expo-
sure of pretreated samples to air before microscopy can affect the
particle sizes and/or shapes. Additionally, supported nanoclus-
ters can present complex gas-dependent metal-support interac-
tions involving both morphological and electronic interactions,
as shown by in-situ high-resolution TEM on Cu/ZnO, Au/CeO,,
and Pt/TiO, catalysts. 813418 Another common technique to de-
termine average particle size for supported catalysts is Hy or
CO chemisorption. However, differences between chemisorp-
tion and reaction conditions, as well as different size-dependent
adsorbate-metal interactions can affect the gas uptake and there-
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fore the estimated particle size. For example, H, uptake is typi-
cally measured at low temperature compared to reaction, and the
quantity of strongly adsorbed H, might not be accurate for small
nanoparticles and clusters.1220 In contrast, X-ray absorption fine
structure (XAFS) can be performed in-situ with and without reac-
tive gases and in-operando which, complemented by STEM and
chemisorption, can be used to determine the effect of the environ-
ment on the structure at different temperatures and under reac-
tion conditions. For example, Sanchez et al. studied the effect of
adsorbates (H,, CO, O, vs. He) and temperature on the structure
of Pt/C and Pt/Al,03 using XAFS.2L Their results showed a signif-
icant effect of adsorbate and temperature on the Pt electron den-
sity, Pt-Pt bond length and disorder. The most significant effect
of temperature was the unexpected Pt-Pt contraction of alumina
supported 0.9 and 1.1 nm clusters while larger nanoparticles (2.9
nm) showed the expected Pt-Pt expansion at higher temperatures.
Other studies also reported this Pt-Pt bond contraction at higher
temperatures.22724 A later study by Timoshenko et al. attributed
this Pt-Pt bond contraction to an effect of the lower H, coverage
and/or the non-gaussian shape of the bond distribution at higher
temperatures.22l However, in all those studies the shape of the Pt
clusters was considered to be unchanged at the different temper-
atures.

The effect of temperature and adsorbate environments on cat-
alyst structure has also been theoretically studied using first-
principles calculations and molecular dynamics (MD) simula-
tions. Sun et al., Mager-Maury et al., and Vila et al. studied
small alumina supported platinum clusters, ranging from Ptg to
Pt3 using density functional theory (DFT) and MD, and found
high fluxionality between 2.5D and 3D structures under varying
temperatures and adsorbate environments.20"28 However, these
studies focused on locally optimized clusters and utilized short
trajectories of ten picoseconds which cannot efficiently sample
the large configurational spaces of supported clusters.22

In this work, we studied the effect of temperature and H, on
the structure of 1.8 nm average diameter Pt nanoparticles sup-
ported on y-Al,03 using X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
measurements between 35-400 °C. Our results show that higher
temperatures lead to changes in the shape of the nanoparticles
and the electron density on Pt, while H, mostly affects the elec-
tron density of Pt. We further used actively trained machine
learning potentials with uniform acceptance force-bias Monte
Carlo (fbMC) to estimate the structural distribution of Pt;5/y-
Al,04(110) clusters at finite temperatures. Our simulations show
cluster contraction and flattening with heating without a priori
assumptions, consistent with experimental observations. Our re-
sults aid in the understanding of structure-sensitive chemistries.

Results and Discussion

Pt Nanoparticle Size and Shape at Room Temperature

The Pt particle size and shape of the reduced 5%Pt/Al, O3 catalyst
at room temperature were determined using ex-situ aberration-
corrected scanning transmission electron microscopy (STEM) and
corroborated with gas chemisorption, and in-situ EXAFS. Figure
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,b, S1, and S2 show representative STEM images of the reduced
catalyst and the corresponding particle size distribution. The ma-
jority of the Pt nanoparticles ranged in diameter from 0.9 to 2.4
nm (see the size distribution in Figure S2) with a number-average
diameter of 1.7 nm and a surface-average (weighted by d?) di-
ameter of 1.8 nm. Nanoparticles with a hemispherical shape can
be seen on the edge of Al,O, in Figures and S2-S3. Anal-
ysis of multiple nanoparticles showed that the Pt nanoparticle
shape is hemispherical (see Figure S3, Table S1 and associated
text for detailed analysis from STEM images), which is common
for Al,O4 supported catalysts synthesized by impregnation meth-
ods. 223051 The total irreversible uptake of CO and H, from vol-
umetric chemisorption measurements at 35 °C was 0.55 CO/Pt
and 0.52 H/Pt, respectively (Figure S4). Using a hemispherical
shape (based on the results from STEM, and assuming a stoi-
chiometry of 1:1 for CO and H to surface Pt atoms, the CO and H,,
chemisorption results are similar and correspond to Pt nanopar-
ticles of ~1.9-2.1 nm in average-surface diameter, which is con-
sistent with the surface-average diameter from STEM. The Pt-Pt
coordination number (CN) from model fit of the EXAFS spectra in
H, and in He at room temperature (Figure ) was 7.8+0.4 and
7.4+0.3, respectively. The fit results are shown in Table S2 and
Figures S5-S6 and and a comparison of spectra in He and H; is
shown in Figure S7. Comparing the experimental CNs (7.8+0.4
in H, and 7.4%0.3 in He) with geometrical models of hemispher-
ical cubooctahedron Pt nanoparticles of different sizes (Figure[Tk,
CN of 7.0 for 1.4 nm and 8.2 for 1.9 nm) indicates that the av-
erage Pt NP size based on the EXAFS CNs is between 1.4 nm and
1.9 nm which is consistent with the average diameter from other
characterizations.

DFT calculations on Pt;5/y-Al;03 (110) show that the hemi-
spherical shape is the most stable at low temperatures in the ab-
sence of adsorbates. Pt;5 was chosen as it was one of the smallest
cluster sizes observed in STEM images and it is not feasible to
model larger sizes with DFT. Hydrogen adsorption up to 1 mono-
layer (ML) on Pt;5 only resulted in elongation of Pt-Pt bonds with-
out a significant change in the overall shape as shown in Figure
and Figure S8, consistent with our EXAFS results (Table S2).
Higher H, coverage (> 1.4 H:Pt) could change the shape of Pt
NPs, 2732 byt this requires much higher partial pressures (e.g. 10
bar at 183 K)=3/ than in our studies (0.5 bar). Our results are con-
sistent with previous work21123128132134135 o pt/C and Pt/Al,O4
where H, adsorption at room temperature (and atmospheric pres-
sure) lowers the electron density on Pt, as reflected in the higher
white line intensity in Figure [I{, and elongates the Pt-Pt bonds
(see Table S2) but does not significantly affect the shape of the
nanoparticle as seen from the small difference in CN (slightly
larger in H, vs. He). The STEM, chemisorption, and EXAFS anal-
ysis results at room temperature complemented by theoretical
calculations indicate that the Pt/Al,O4 consists mostly of hemi-
spherical nanoparticles with an average diameter of 1.8 nm. For
the sake of brevity, in the following discussions, the catalyst will
be represented by the average diameter of the Pt NPs and referred
to as Pty g nm/Al,Os.
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Fig. 1 HAADF-STEM images for 5%Pt/Al,O3 after H, reduction at 400 °C. (a) Lower magnification, (b) higher magnification image, Pt L3 EXAFS and
XANES spectra of Pty g nm/Al,O3 at 35°C in 50%v/v H, and in He (after removal of adsorbed H,) (c) EXAFS magnitude of the Fourier transformed
k* -weighted y(k) data, Ak = 3-12 A~! and (d) XANES. (e) Model hemispherical clusters of varying diameters (D) and their corresponding average
first shell coordination numbers (Np;_p;). (f) Computed effect of hydrogen adsorption (1 ML) on the shape and bond length of the lowest energy

Pt;5/Al, 03 cluster.

Effect of Temperature on the Structure of Pt g n;,/Al,O4

The effect of temperature on the structure of Pt; g n,, nanoparti-
cles was investigated using in-situ EXAFS and corroborated with
first-principles calculations and environmental transmission elec-
tron microscopy (ETEM). The EXAFS spectra in Figure [2h and b
show a reduction of the scattering amplitude and an apparent
shortening of Pt-Pt bonds at higher temperatures. As the temper-
ature increases, the decrease in scattering amplitude is due to the
significant dampening of the EXAFS oscillations at both low and
high k values as seen in Figure[2k. Thermal disorder dampens the
EXAFS oscillations at all £ values but its effect is stronger at high
k values. However, the concomitant dampening in EXAFS oscilla-
tions at lower k values indicates that a second contributing factor
is likely responsible for the reduction in scattering amplitude seen
in Figure [2p at higher temperatures. Such a reduction in the EX-
AFS oscillations at all k values is typically observed for nanopar-
ticles of different sizes or shapes, or more specifically, nanopar-
ticles with different average Pt-Pt coordination (see simulations
for effect of coordination number vs. disorder and comparisons
with EXAFS on smaller NPs in Figures S9-S10). To provide more
insights into the temperature-induced structural changes, the EX-
AFS data in Figure [2 was fitted and the fit details are presented
in Tables S2-S3 and Figures 3, S5-6 and S11-13. The results in
Figure 3 show that in addition to the increased disorder and the
contraction of Pt-Pt bonds as the temperature increased from 35
to 400 °C, the average Pt-Pt coordination decreased from 7.8+0.4

to 6.2+0.4. This decrease in the average Pt-Pt coordination is sig-
nificant and is well outside of the fit uncertainty. We note that the
structural changes were reversible as the temperature decreased
to 35 °C at the end of the experiment (see Figure S14). While dis-
integration of the nanoparticles would also lead to a decrease in
the Pt-Pt CN, this disintegration of Pt nanoparticles has only been
reported in oxygen at much higher temperatures and was also
irreversible unless the gas atmosphere was changed to reducing
conditions. 927 The contraction in Pt-Pt bond distance and de-
crease in Pt-Pt CN were observed at 400 °C compared to 35 °C
in both H, and He (Figure —c, S15 and Tables S2-3) indicating
that temperature is mainly responsible for the observed structural
changes of the 1.8 nm Pt nanoparticles, rather than temperature-
dependent H, coverage and will be further discussed below (Fig-
ure S15 shows the effect of increasing temperature on EXAFS and
XANES in He).

Before discussing the EXAFS results in more detail, it is impor-
tant to note the similarities and the differences between our work
and previous studies. Our Pt/Al,O5 catalyst consists of hemi-
spherical shaped nanoparticles with an average diameter of ~1.8
nm and average first shell CN of 7.8. This size and average CN
are intermediate in the range of previously reported transition
from negative (CN < ~9.0) to positive thermal expansion (CN >
~9.0) 23124 Additionally, for a similar size, Pt nanoparticles with
an initial 3D shape at low temperature were reported to have
positive thermal expansion while those that wet the Al,O4 sup-
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Fig. 2 Pt Ly EXAFS spectra of Pt;gnm/Al,O3 at different temperatures in 50%v/v H, (a) magnitude and (b) imaginary parts of the Fourier-
transformed k?-weighted x(k) data in (c) (Ak = 3-12 A1), ETEM images of Pt; g nm/Al,O3 at low (25 °C) and high (400 °C) temperatures in vacuum
(d-f). The colored arrows point to the same nanoparticles at 25 and 400 °C to highlight the reversible structural changes.

port (hemispherical or more disk-shaped) showed negative ther-
mal expansion similar to our work.24 However, most of the pre-
vious studies were conducted under H, with only a few experi-
ments performed in He or vacuum. It is well known that H, ad-
sorption causes an overall relaxation of the Pt nanoparticles and
subsequent elongation of Pt-Pt bonds, 2123283234135 Therefore, a
shorter Pt-Pt bond distance at higher temperatures could be due
to lower coverage of H adsorbed on the surface of the nanoparti-
cles. Our results show that the contraction of Pt-Pt bond distance
at higher temperatures was observed in both H, and in He, i.e. in
the absence of chemisorbed H (Figure S15 and Tables S2-3) and
therefore cannot be attributed solely to the decrease in H, cov-
erage. In addition to the shortening of the Pt-Pt bonds at higher
temperatures, we observed a significant decrease in the Pt-Pt CN
from 7.8 and 7.4 at 35 °C to 6.2 and 5.8 at 400 °C in H, and
He, respectively. Sanchez et al. also observed a decrease in the
Pt-Pt CN of 0.9 and 1.1 nm clusters supported on Al,O4 at higher
temperatures.2l Specifically, for the 0.9 nm clusters in He, the av-
erage first shell Pt-Pt CN decreased from ~5.9 at -107 °C to ~5.0
at 300 °C .21 However, they considered the difference to be too
small to determine a change in the cluster structure/shape. Other
studies considered the CN, and consequently the size/shape, to
be unchanged/constant at different temperatures. Clearly,
the size and shape of the nanoparticles, interface with the sup-
port, and the identity of the support are all important factors in
determining the effect of temperature on the structure of the Pt
nanoparticles. We believe that the observed decrease in CN which
has been mostly overlooked in previous studies, and the associ-
ated decrease in Pt-Pt bond distances are related, and arise from
a temperature-induced shape change which is discussed next.

First, we discuss the observed decrease in Pt-Pt CN at higher

4] Journal Name, [year], [vol.], 1ﬂ

temperatures, possible analysis artifacts and the most plausible
structural interpretation. We note that the size distribution, the
disorder of nanoparticles and the further increase of the disor-
der with an increase in temperature can influence the CNs ex-
tracted from EXAFS. The increase in disorder can lead to devia-
tion from Gaussian distribution of the bond lengths that is typi-
cally assumed in analysis of the EXAFS spectra. While the devi-
ation from a Gaussian bond length distribution can lead to sig-
nificantly shorter bond lengths from the traditional EXAFS analy-
sis, 38 the effect is less pronounced on CN.2%49 For example, the
effect of the non-Gaussian bond length distribution on the first
shell CNs of 1.6 nm Pt nanoparticles was small (~5% error in
CN) based on EXAFS fits of spectra calculated from molecular
dynamics trajectories at different temperatures.% Similar results
were obtained from EXAFS fits of molecular dynamics simulations
of Au,,, nanoparticles where the error between the CN from EX-
AFS was within 7% of the actual CN.#Z Only when the disorder
was extremely large due to the presence of strongly binding lig-
ands (thiols onAuy,;, 67, 4, = 0.0268 A2), the CN was under-
estimated by ~30%.%L The disorder obtained from our EXAFS
analysis at 400 °C, 63,_p, = 0.013 A?, is low compared to the
cases reported in the literature where the CNs were underesti-
mated. Therefore, we do not expect a significant effect of the
increased disorder at higher temperatures on the CNs extracted
from EXAFS.

Since the temperature-induced changes are reversible (see EX-
AFS in Figure S14 and also ETEM in Figure 2d-f and S22), we can
rule out a significant change in the size of the Pt nanoparticles (or
more accurately the total number of Pt atoms per nanoparticle)
throughout the heating and cooling cycles. It is well known that,
for the same number of atoms in the nanoparticle, changes in
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nanoparticle structure/shape can have a significant effect on the
Pt-Pt CNis.23:32141543] Figures $16-S20 show geometric models of
nanoparticles of different shapes with a constant number of atoms
and their corresponding average Pt-Pt CN. The average Pt-Pt CN
decreases as the shape flattens from a hemispherical geometry.
Therefore, based on the reversibility of the observed changes in
CN and the effect of shape on CN for the same number of atoms
in the NP shown in Figure S16, the results strongly suggest that as
the temperature increases the Pt nanoparticles change shape from
a hemispherical to a flatter structure as shown by the geometrical
models in Figure 3.

To corroborate the EXAFS observations of reversible flattening
of Pt NPs at elevated temperatures, ETEM experiments were con-
ducted to monitor the shape of the Pt nanoparticles at low and
high temperatures. The experiments were conducted at a base
pressure of around 10~ 7 mbar. A reasonably flat area of the Al, O,
support was located and the size and shape of the particles were
determined. Figure 2d shows several Pt NPs in the size range from
0.9-1.6 nm, and similar to the STEM results in Figure |1} the NPs
are mostly hemispherical. After the initial image acquisition, the
beam was blanked leaving the sample unexposed to the electron
beam. The temperature was increased to 400 °C at a rate of ~10
°C/min and a new set of images were acquired. At 25 °C (Figures
2d,f), the NPs on the edge of the support appeared hemispherical,
wetting the substrate only slightly. As the temperature increased
(Figure 2 e), the Pt NPs increasingly wetted the substrate. The
flattening at 400 °C can be especially seen for the NPs highlighted
by yellow and green arrows in Figure 2e where the projection of
the NPs increases in area (see Figure S21) at 400 °C compared
to 25 °C. This observation agrees with the interpretation of the
decreasing CN measured by EXAFS at increasing temperatures.
Furthermore, several heating/cooling cycles were performed and
the nanoparticles switched between hemispherical at 25 °C (Fig-
ure 2d,f and Figure S22a,c,e) and flat at 400 °C (Figure S22b,d)
confirming the reversibility of the shape change observed from
our EXAFS results. The reversibility of the temperature-induced
structural change observed by EXAFS and ETEM indicates that
the Pt nanoparticles adapt their structure to changes in the lo-
cal chemical environment, the adsorption/desorption of H,, and
more strongly to the increase in temperature, highlighting their
fluxionality.

The shortening of Pt-Pt bonds with increasing temperature has
been reported previously for different Pt cluster sizes and shapes
supported on Al,0,.21232% However, as discussed earlier, this
is more complex to interpret because the increase of the disor-
der at higher temperatures could lead to deviation from Gaus-
sian distribution of the bond lengths that is typically assumed in
analysis of the EXAFS spectra and consequently could result in
significantly shorter bond lengths from the EXAFS fits.=8 A quasi-
harmonic approximation (the method used in our work) intro-
duces the third cumulant to account for the effect of skewness
of the bond distribution on the average Pt-Pt bond distance ex-
tracted from EXAFS.38 The quasi-harmonic approach has been
shown to be effective in accurate extraction of the average bond
distance (within 0.01 A) even for highly disordered Au,,, with
thiol ligands on the surface.2! However, a recent study by Tim-
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geometrical models indicate nanoparticle shapes consistent with
the coordination numbers.

oshenko et al. questioned the validity of the cumulant approach
and developed a neural network method to further improve the
EXAFS analysis of disordered materials with non-Gaussian bond
length distributions.%> Their neural network analysis showed dif-
ferent results compared to the quasi-harmonic approximation us-
ing the third cumulant. Specifically, the previously reported neg-
ative thermal expansion obtained using the quasi-harmonic ap-
proximation on Pt/Al,O4 samples“* was less pronounced or the
trend was reversed to a positive expansion. However, in con-
trast to the quasi-harmonic approximation results showing posi-
tive thermal expansion for the Pt foil, the neural network analysis
of the Pt foil showed a decrease in Pt-Pt bond distance with in-
crease in temperature from -107 to 200 °C before increasing at
400 °C,2° highlighting the challenge in the detailed analysis of
even a bulk ordered material.

Our EXAFS analysis uses the quasi-harmonic approximation to
account for the higher disorder and deviation from Gaussian dis-
tribution of Pt bond lengths at higher temperatures. Furthermore,
to provide more evidence, we analyzed the more distant Pt scat-
tering shells (up to the fourth) since the disorder has a smaller
effect on the average bond distance for more distant shells.*% The
fit results (Tables S4-S6 and Figures S23-28) showed a decrease
in the CNs for all scattering paths and also showed a contraction
in Pt-Pt distances for most of the scattering paths in the more dis-
tant shells. Given that the NPs do change shape, it is not clear how
the Pt-Pt distances would be expected to change beyond the first
Pt-Pt shell. Nevertheless, our results indicate that both the Pt-Pt
CN and bond distance decrease as the temperature increases.

Next, we investigated the effect of temperature on Pt;5/Al,O04
cluster structure with uniform acceptance force-bias Monte Carlo
(fbMC), an enhanced sampling method that provides large accel-
erations over unbiased Monte Carlo and molecular dynamics (see
Methods for details).4® fbMC simulations were performed from
25 °C to 425 °C at 100 °C intervals. Each simulation was initial-
ized with the lowest energy Pt;5/Al,05 isomer (which is hemi-
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Fig. 4 Geometric statistics and trajectory snapshots of Pt;s/Al,04 sampled via fbMC at 25 °C and 425 °C. (a, b) Predicted probability
distributions for coordination number (Np;_p;) and Pt-Pt bond length fit via kernel density estimation, respectively. As temperature
increases, the coordination number distribution becomes broader towards lower values of Np;_p;, suggesting that undercoordinated
structures become more accessible upon heating. A decrease in average Np,_p, is accompanied by an associated decrease in average
Pt-Pt bond length. (c) Snapshot of a 3D configuration at 25 °C. (d) Snapshot of a configuration after the Pt cluster transitions to 2D at
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425 °C.

spherical in shape) and was run for a total of 50 million fbMC
steps, which is estimated to sample a timescale in the order of
500 ns.

From 25 °C to 325 °C, the cluster remains 3D during the course
of the simulation while at 425 °C it transitions from 3D to 2D. The
3D to 2D transition at elevated temperatures can be attributed to
the enhanced mobility of the cluster. The cluster samples the con-
figurational space more effectively and readily overcomes energy
barriers leading to the 3D to 2D transition. Figures and
show the probability density functions (pdfs) of Pt-Pt CN (Np;_p;)
and Pt-Pt bond lengths (Rp;—p;) at 25 °C and 425 °C, with the
distribution means shown in the legends. The Pt-Pt pair distribu-
tion functions (normalized by the volumes of the shells) at both
temperatures are shown in Figure $S29. Figures [dk and [4d show
snapshots of a 3D Pt;5 cluster at 25 °C and a flat Pt;5 cluster at
425 °C, respectively. The CN pdf shifts to lower CN values at 425
°C as lower CN Pt;5 clusters become thermodynamically acces-
sible. With this associated CN change, the distribution of Pt-Pt
bond lengths also shifts to lower bond length values. Figure
shows the decrease in the mean Rp,_p, from 2.78 A to 2.67 A.
This decrease is attributed to contributions from both the nearest
neighbor and the 2nd nearest neighbor shells. The shift in the
nearest neighbor peak from 2.62 A to 2.59 A is shown in Figure
(dashed lines) as the cluster transitions to a flat configura-
tion. Furthermore, the second nearest neighbor shell around 3.3
A vanishes as the cluster transitions to a flat configuration at 425
°C. To further elucidate how changes in CN and Pt-Pt bond length
correlate with shape change, Figure S30 shows correlations be-
tween Np,_p;, Rp;—p;, and the cluster center of mass (CoM) height
(Zcopm) using data aggregated from all five temperatures. Higher
Zcom values correspond to hemispherical clusters, while smaller
Zcom values correspond to flat clusters. Our simulations demon-
strate that flat Pt;; configurations are correlated with lower CNs
and shorter Pt-Pt bond distances, while hemispherical Pt;; con-
figurations are correlated with higher CNs and longer Pt-Pt bond
distances.

6| Journal Name, [year], [vol.], 1@

In summary, our fbMC simulations support the experimentally
observed flattening of Pt;5/Al,O4 clusters at higher temperatures
and qualitatively reproduce the positive correlation between Pt-
Pt bond length and CN with temperature as observed with EX-
AFS. The shorter Pt-Pt distances and change in shape to flatter
structures (larger interfacial area) at higher temperatures are ex-
pected to have a significant effect on the extent of charge transfer
between Pt and Al,O5 which is discussed next.

Temperature Induced Electronic Effects on Platinum

A significant effect of temperature on the electronic properties of
platinum was observed through XANES as seen from the decrease
in the white line intensity and shift of the edge to lower energy as
the temperature increased in He and H, as shown in Figures 5a
and S31, respectively. We note that the experiment was designed
to check for reversibility (Figure S14) of the structure and elec-
tronic properties in H, and He, i.e. after complete desorption of
H, as explained in the methods section. The decrease in the white
line intensity of Al, O supported Pt NPs at higher temperatures in
the presence of H, has been previously reported in literature but
was solely attributed to a decrease in H, coverage, as a constant
Pt nanoparticle shape was assumed.”>3 However, our results also
show the decrease in white line intensity at higher temperatures
in He (Figure 5a). Additionally, our EXAFS results, supported by
ETEM and fbMC simulations, clearly show that higher tempera-
tures induce significant structural changes, leading to flattening
of the NPs. While H, adsorption affects the electronic properties
and structure of the NPs as discussed above, our results indicate
that the significant structural and electronic changes are mostly
induced by temperature, and not by temperature-dependent H,
coverage on the Pt nanoparticles. Therefore, using the changes
in XANES to estimate coverage of different adsorbates should
be used with caution, and possibly only over a small tempera-
ture range where the structure/shape of the NPs stays mostly un-
changed.

We hypothesize that the observed decrease in the white line
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Fig. 5 Pt Ly XANES for Pt; g,,/Al,O3 at 35 °C and 400 °C in (a) He. (b) Calculated Pt Ly XANES for hemispherical and flat Pt clusters
on hydroxylated Al,O5. (c) Hemispherical (top) and flat (bottom) clusters on hydroxylated Al,O4 with total Pt charges.

intensity (and thus increased electron density on Pt) as temper-
ature increases is due to additional wetting with the support as
the Pt NPs change shape from 3D hemispheres to 2-2.5D rafts as
shown in Figures 2d,e, 3, and 4, where 2-2.5D refers to the num-
ber of layers being 1 or larger, but less than the number of layers
in a hemispherical NP. The calculated net atomic charge trans-
fer from the support to the cluster for an ensemble of Pt;5/Al,03
isomers as a function of average Pt CN is shown in Figure S32.
For all cluster shapes studied, the cluster gains anywhere from -
0.4 to -1.2 eV of charge, but an obvious correlation between net
electron density and CN does not exist. However, we note that
due to the extreme hydrophilicity of y-alumina and the difficulty
in complete dehydroxylation of the surface even in He at 400
°C, a nonzero coverage of hydroxyl groups is expected.4® There-
fore, we performed an analogous study on flat and hemispherical
NPs and added 11.8 OH/nm? of hydroxyl coverage to the support
(Figure [Bk). The support was hydroxylated in the most stable
positions as reported in literature®® and subsequently relaxed in
DFT. We perform this study at constant hydroxyl coverage despite
differing temperatures as the sample is exposed He at 400 °C to
desorb all the H, then cooled down in He to 35 °C. Therefore,
the hydroxyl density in He is expected to remain constant at both
temperatures. For these calculations, we selected two pairs of flat
and hemispherical NPs studied in Figure S32, where for one pair
the electron density is higher on the flat NP and for the other pair
the electron density on the hemispherical NP was higher than the
flat NP. We notice from the results in Figures S33-34 that the ad-
dition of hydroxyl groups (1) decreases the net electron density
on the clusters compared to the dry surface and (2) the electron
density on the flat clusters decreases to a lesser extent compared
to the hemispherical clusters. Therefore, adding hydroxyl groups
appears to increase the difference in electron density between the
flat and hemispherical clusters in favor of more e- on the flat
ones, as shown in Figures 5c and S33-34. To qualitatively cor-
relate these results with experiments, we performed Pt L3 XANES
simulations on the flat and hemispherical Pt;s NPs on dry and
hydroxylated Al,O3. The calculated XANES spectra on the pair
of clusters where the flat cluster had a higher electron density

show a significantly lower white line intensity on the flat Pt;5 NP
compared to the 3D shape on the hydroxylated Al,O3 (Figure 5b)
while the difference was smaller on the dry Pt;5/Al,03 (Figure
S35). Additionally, for the second pair of clusters where the flat
cluster has lower electron density, the white line intensity for the
flat cluster was still slightly lower than that for the hemispherical
3D cluster on the hydroxylated surface (Figure S36a,b) and to a
lesser extent on the dry surface (Figure S36¢,d). We note that
while the results are in qualitative agreement with the experi-
mental results, the XANES simulations were performed on a much
smaller cluster (Pt;5) than the average size from experiments and
therefore, the results should not be quantitatively compared. Ad-
ditionally, the XANES simulations on dry and hydroxylated Al,O3
indicate that the lower white line intensity from XANES on Pt is
a complex function of size/shape and electron density as previ-
ously reported,#” as well as the interaction with OH~ and Al,03.
Therefore, further investigation is needed to deconvolute these
effects and is the scope of future work.

Conclusions

In this work, we studied the effect of temperature and H, on
the structure of Al,O5-supported 1.8 nm Pt nanoparticles using
XANES, EXAFS and ETEM, and identified a dependence of par-
ticle shape on temperature. As temperature increases, the clus-
ters transition from hemispherical in shape to flatter 2-2.5D rafts
irrespective of the chemical environment (He or H,). Addition-
ally, the shape change is accompanied by an increase in Pt elec-
tron density. Our results are corroborated using DFT calcula-
tions and force-bias Monte Carlo (fbMC) simulations of a Pt;5/y-
Al,04(110) model system. The fbMC simulations predict cluster
flattening and Pt-Pt bond contraction at elevated temperatures
while DFT shows increased interactions of flat Pt clusters with hy-
droxyl groups on Al,O leading to higher electron density on Pt.
Our results demonstrate the fluxional nature of nanocatalysts and
are important in aiding the understanding of structure-sensitive
chemistries.
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