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ABSTRACT: We investigated changes in the Pt-Pt bond distance, particle size, crystallinity, and coordination of Pt nano-
particles as a function of particle size (1-3 nm) and adsorbate (H,, CO) using synchrotron radiation pair distribution func-
tion (PDF) and X-ray absorption spectroscopy (XAS) measurements. The ~1 nm Pt nanoparticles showed a Pt-Pt bond
distance contraction of ~1.4%. The adsorption of H, and CO at room temperature relaxed the Pt-Pt bond distance con-
traction to a value close to that of bulk fcc Pt. The adsorption of H, improved the crystallinity of the small Pt nanoparti-
cles. However, CO adsorption generated a more disordered fcc structure for the 1-3 nm Pt nanoparticles compared to the
H2 adsorption Pt nanoparticles. In situ XANES measurements revealed that this disorder results from the electron back
donation of the Pt nanoparticles to CO, leading to a higher degree of rehybridization of the metal orbitals in the Pt-

adsorbate system.

INTRODUCTION

Metal nanoparticles can exhibit dramatically different
chemical and physical properties compared to their bulk
counterparts.” Owing to their highly under-coordinated
surfaces, small metal nanoparticles in the sub-i0 nm
range play an important role in industrial heterogeneous
catalysis.”” The structure of the supported metal nanopar-
ticles can change dynamically under reaction condition
such as when molecules adsorb on the surface. A funda-
mental understanding of the structure of supported, sub-
10 nm metal nanoparticles, under reaction conditions, is
an important step towards achieving precise structure-
reactivity relationship in heterogeneous catalysis and will
ultimately lead to better catalysts.

Prominent features of sub-10 nm diameter metal nano-
particles, include a contracted lattice parameter and
higher structural disorder with decreasing particle size.
Lennard-Jones first predicted that a small contraction (5-
6%) may occur in the surface layer of a crystal due to sur-
face-tension in 1928.° In the 1930s, scientists found dis-
crepancies between the lattice constants of zinc oxide and
alkali halides obtained by electron diffraction and X-ray

diffraction, respectively. Bunn suggested that these differ-
ences were due to a change in the lattice constants of zinc
oxide at the surface, since electron diffraction was more
surface sensitive than X-ray diffraction.’ Finch and Ford-
ham found that some small alkali halide crystals had larg-
er lattice constants than their bulk counterparts.” Since
then, debate over the origin of lattice contraction and
expansion has persistent. In the 1950s, the debate was
eventually settled when lattice contraction in small parti-
cles was determined in alkali halides and metals."™ This
contraction increased with decreasing particle size for
particles below 10 nm in diameter.” It was also realized
that the structure and shape of very small particles may
not be the same as their bulk counterparts,” which could
lead to incorrect interpretations of diffraction results.
Consequently, an advanced technique is desired to pro-
vide bond-length information independent of materials
crystal structure.

With the development of X-ray absorption spectrosco-
py (XAS) in the 1970s, it was discovered that the nearest-
neighbor bond distance decreased with decreasing parti-
cle size for Cu and Ni using extended X-ray absorption
fine structure (EXAFS).? A similar trend was also found



for supported precious metal nanoparticles. ™ A 5% con-
traction was observed for supported, 1 nm Au and Pt na-
noparticles independent of the supports.

However, Norskov and coworkers cast doubt on the
EXAFS measurement at room temperature after calculat-
ing the pair distribution function (PDF) of Cu clusters
with 100-1000 atoms using molecular-dynamics simula-
tions. They suggested that the observed lattice contrac-
tion was due to anharmonic vibrations of the surface at-
oms at room temperature. ‘° More recently, van Bokhoven
and coworkers performed in situ EXAFS on supported Pt
nanoparticles between 77 K and 673 K. Accurate fittings
were obtained for their EXAFS spectra at elevating tem-
perature by including the third and fourth cumulants in
the amplitude and phase of the EXAFS functions, where
changes in the Debye-Waller factor due to asymmetry
and sharpening or broadening of the PDF were consid-
ered.” However, including the third and fourth cumulants
could also easily lead to overfitting—that is, applying too
many variables.

In recent years, the synchrotron X-ray PDF has
emerged as an important tool to investigate supported
catalysts at the atomic scale. **" Unlike EXAFS data anal-
ysis which is limited to the first few neighbor shells, PDF
provides quantitative structural information on both the
short- and long-range order of small nanoparticles.”™
The PDF, G(r), can be obtained by Fourier transforming
the normalized scattering function, S(Q), so that no in-
tensive data fitting is required.

In this work, we combined PDF and XAS measurements
to reveal the lattice contraction and expansion of sup-
ported small platinum nanoparticles as a function of the
particle size and the adsorbate. Our previous X-ray ab-
sorption near edge structure (XANES) study on Pt nano-
particles supported on different surfaces showed that the
support effects with respect to lattice constants were min-
imal at constant Pt nanoparticle size. ® Thus, in this work,
we focused on 1-3 nm Pt nanoparticles supported on
spherical alumina (ALO,, Alfa-Aesar NanoDur™). This
spherical alumina support facilitates transmission elec-
tron microscopy (TEM) measurements.

EXPERIMENTAL DETAILS

Preparation of 1-3 nm Pt Nanoparticles. Supported
platinum nanoparticles were prepared by atomic layer
deposition (ALD). All the Pt samples were prepared in a
continuous-flow stainless steel reactor operated under a
base pressure of ~ 1 Torr.” Spherical alumina nanopowder
(NanoDur™ sp-ALO,, Alfa-Aesar) with a typical particle
diameter of 40-50 nm and surface area of 32-40 m*/g were
used as the support material. Five hundred milligrams of
sp-AL,O, were evenly spread into a flat stainless steel tray
and loaded into the ALD reactor. Before performing the
Pt ALD, the sp-Al,O; was first cleaned in situ using 400
sccm 10% ozone at 523 K. Pt ALD was performed using
Trimethyl (methylcyclopentadienyl) platinum  (IV)
(Pt(MeCp)Me, , Sigma-Aldrich) and oxygen. Three sam-
ples were prepared using 1, 3, and 5 Pt ALD cycles over sp-

AlO;, written as 1c Pt/sp-ALO,, 3¢ Pt/sp-Al,O; and 5c
Pt/sp-Al,O;, respectively.

Characterization. An Aberration-Corrected Transmis-
sion Electron Microscope, FEI Titan 80-300kV was used
for imaging. High Resolution TEM images were acquired
at 300kV with a base pressure of 5 x 107 Torr at room
temperature using a Gatan UltraScan CCD Camera. Pt
metal loadings were determined by X-ray fluorescence
spectroscopy (XRF, Oxford ED2000) and inductively cou-
pled plasma (ICP, Varian Vista-MPX instrument) meas-
urements.

Pair Distribution Function. Scattering data of PDF
were collected at beamline 11-ID-B at the Advanced Pho-
ton Source (APS) at Argonne National Laboratory (ANL).
High energy X-rays (58 keV, A=o0.2127A) were used in
combination with a large amorphous silicon-based area
detector. The Pt catalyst was loaded into a Kapton capil-
lary as a flow cell which allowed the flow of reactant gases
during the in situ PDF measurements.” Temperature was
precisely controlled by a cryosystem (Oxford, Cryostream
700 Plus). The as-prepared Pt catalysts (Pt-in-air) were
first reduced in 3.5% H,/He at 500 K for 30 min. Then
ultrahigh purity (UHP) He was used to purge the catalyst
for 30 min at 500 K to generate the ligand-free Pt surface
(Pt-in-He). The Pt sample was then cooled in UHP He to
300 K and subsequently exposed to 3.5% H,/He for hy-
drogen adsorption (Pt-in-H,). The Pt sample then was
again flashed to 500 K at 6 K/min and cooled in UHP He.
Finally, the sample was exposed to 5% CO/He for CO ad-
sorption (Pt-in-CO). PDF measurements were collected
continuousy during the entire sample treatment.

The 2-D scattering images were integrated to obtain 1-D
scattering intensity data using software Fit2D.** The
structure function S(Q) was obtained within software
PDFgetX2.” Direct Fourier transform of the reduced
structure function F(Q) = Q[S(Q)-1] led to the reduced
pair distribution function, G(r), with Q.= 23 A™. Contri-
butions from the sp-Al,O, support were measured from
room temperature to 500 K and subtracted to yield differ-
ential PDF (d-PDF). The d-PDF data will show contribu-
tions only from Pt-atom correlations.

X-ray Absorption Spectroscopy (XAS). X-ray absorp-
tion spectroscopy measurements at the Pt L, edge (~ 11.56
keV), including extended X-ray absorption fine structure
spectroscopy (EXAFS) and X-ray absorption near edge
structure spectroscopy (XANES), were performed at the
bending-magnet beamline (10-BM) of the Materials Re-
search Collaborative Access Team (MR-CAT) at the APS
at ANL. XAS data was collected in the transmission mode.
Pt nanoparticle samples were treated identically as that
used in the in situ PDF experiments described above.

EXAFS data fittings were performed using WinXAS
(version 3.1). Reference phase and amplitude files for Pt-
Pt were obtained from the Pt foil EXAFS spectrum. A sin-
gle shell model fit of the forward and inverse k*-weighted
EXAFS data was obtained between k= 2.9 -1m.0 A”and r =
1.3 - 3.0 A, respectively. Data quality was checked by per-
forming k'- and k*>-weighted EXAFS fittings with the same
parameters.



Small Angle X-ray Scattering (SAXS). SAXS experi-
ments were performed at the APS 12ID-B station. The Pt
catalyst samples were loaded into 1.5-mm diameter quartz
capillary tubes for the SAXS measurements. The 2D SAXS
data were collected on the Pilatus 2M area detector
(DECTRIS Ltd.), a q range of 0.006 - 0.7 A™ with an inci-
dent energy of 12 keV. The scattering vector, Q, was cali-
brated using a silver behenate. Quantitative data analyses
were performed using spherical form factors with a max-
imum entropy algorithm using the Irena package. **

Classical Molecular Dynamics (MD) Simulations.
The MD simulations were performed using the DL_POLY
2.20 package. 77 The Al-Al, O-O, Al-O interactions within
the alumina slab were described using the Buckingham
pair-potential, using the parameters provided by Matsui
et al. *® The Pt-Pt interactions were treated with the Sut-
ton-Chen potential. *3° The Pt-Al and Pt-O interactions
between metal and the substrate were treated with the
Lennard-Jones potential (see Table Sz in SI). >

The alumina support was modeled using a stoichio-
metric a-ALO, slab with the (oo1) surface. The slab con-
sists of 6 layers, with 1080 atoms. The entire system is
maintained charge neutral. The dimensions of the alumi-
na slab are 24.85 A x 28.69 A x 50.00 A, and is periodically
bounded. The consecutive surfaces are separated by a
vacuum spacing equivalent to a thickness of 12 layers.

To calculate the PDFs of both supported and unsup-
ported Pt nanoparticles, the simulations were carried out
in microcanonical ensembles. The cutoff radius for both
short-range forces and the van der Waals forces was se-
lected to be 12.3. The Ewald sum for electrostatic interac-
tions was used and the precision is set to be 1 x 10°. The
velocity-Verlet integration algorithm was used for time
propagation with a time step of 1 fs. All the simulations
were initially equilibrated at 500 K for 100 ps. The PDFs
were averaged based on the last 50,000 configurations. All
the atoms are allowed to relax during the simulation.

RESULTS AND DISCUSSION

Studies of small changes in bond distance require high-
ly-dispersed and ligand-free supported Pt nanoparticles
with narrow size distribution. Atomic layer deposition has
proved effective in preparing well-dispersed, precious
metal nanoparticles on high surface area supports using
sequential, self-limiting surface reactions. *3* We used
alternating exposures to Pt(MeCp)Me, and oxygen at 523
K to prepare supported ALD Pt nanoparticles. One, three,
and five Pt ALD cycles were performed on spherical alu-
mina (ALO;) in a continuous-flow, stainless steel reactor
operated under a base pressure of ~ 1 Torr ultra-high puri-
ty nitrogen carrier gas. ** The Pt for the 1c, 3¢ and 5¢ sam-
ples were 1.4 wt%, 8.7 wt% and 16 wt%, respectively, as
determined by X-ray fluorescence spectroscopy (XRF).
These loadings are lower than those obtained previously
at 573 K (2.5 wt% for 1c Pt and 10.4 wt% for 3c Pt). 33°
This change is expected given that the ALD Pt growth per
cycle decreases with decreasing temperature. ¥ We se-
lected the 523K deposition temperature because it pro-
duced smaller particles with a narrower size distribution.

We determined the Pt nanoparticle size using TEM, small
angle X-ray scattering (SAXS), and PDF, (Table 1) and
found consistent results among the three techniques.

Table 1. Platinum metal loading and particle size de-
termined by various methods.

Pt Loading] dp; (TEM)| dp; (SAXS) dp, (PDF)
wt% ° nm ° nm ° nm ¢
icbPt| 14 1+03 1.2 1.2
3cPt| 8.7 2+0.5 2.2 2.4
5¢ Pt| 16.0 3+0.6 3.2 3.4

* obtained by XRF and ICP

® obtained by TEM (Figure 1)

¢ obtained by small angle X-ray scattering (Figure 2)
4 obtained by pair distribution function (Figure Sz)
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Figure 1. (a) TEM and (b) HR-TEM images of 1c Pt/ALOy;;
(c) TEM and (d) HR-TEM images of 3c Pt/ALO, with FFT
shown in the insert; (¢) TEM image of 5¢ Pt/ALO;; (f) size
distribution of Pt nanoparticles.

The Pt nanoparticles were well-dispersed on the Al,O,
surface (Figure 1) with particle size distributions of 1 + 0.3
nm, 2 = 0.5 nm, and 3 + 0.6 nm for the 1c, 3¢, and 5c Pt
samples, respectively. These sizes are smaller than the Pt
prepared at 573 K on the same support. > High resolution
TEM (HR-TEM) imaging was used to determine the shape



and crystallinity of the supported Pt nanoparticles. Figure
1 (b) and (d) show HR-TEM images of the 1c and 3¢ Pt
nanoparticle samples on AlLO,. The 3c sample formed
truncated octahedra with widths around 2 nm + 0.5 and
distance between the lattice fringes of 0.2 nm corresponds
to the interplanar distance of Pt(100).

The Pt particle size was also evaluated using SAXS
measurements. Figure 2(a) shows the 1-D scattering
curves obtained from 2-D SAXS measurements. The broad
features on the curves shifted to higher q values with in-
creasing Pt ALD cycles, consistent with an increase in the
Pt particle size. The particle sizes extracted from the
SAXS measurements for the as-prepared Pt nanoparticles
are 1.2 nm, 2.2 nm, and 3.2 nm for the 1c, 3¢, and s5c Pt
samples, respectively.
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Figure 2. (a) One-dimensional SAXS curves of Pt/Al,O,
and bare Al O, resulting from average the 2D diffraction
image; (b) size distribution of the as-prepared Pt nano-
particles obtained from SAXS modeling. Black AlO,;.
Green 1c Pt/Al,O,. Blue 3¢ Pt/ALO;. Red 5¢ Pt/ALO,.

Differential PDF (d-PDF) is an analytical technique in
which the contribution from the support is subtracted
from the total PDF, leaving only the atom-atom correla-
tions from the supported particles. > 3*3° PDF measure-
ments were performed on the AlL,O; support from 300 K
to 500 K at 6 K/min to serve as a reference for the subse-
quent d-PDFs data analysis. Figure S1 demonstrates that
the change in AL O, structure over this temperature range
is negligible. After subtracting the AL,O; PDF data, the
resulting d-PDF plots in Figure 3(a) and (b) reveal a series
of sharp peaks, each reflecting a particular atom-atom
correlation (e.g., Pt-Pt and Pt-O). The peaks at around
2.78 A, 3.95 A, and 4.75 A are characteristic of the Pt fcc
structure. These peaks decay to zero faster for smaller Pt
particles, reflecting the absence of large-scale correlations
in these particles. In particular, there are no features in
the d-PDF data beyond r = 1.0 nm for the 1c Pt sample,
suggesting that there are no particles larger than ~1 nm.
As for the 3¢ and s5c¢ Pt samples, the nanoparticle sizes are
estimated as ~2 nm and ~3 nm, respectively.

As PDF uses high energy X-ray (58 keV in this work),
the effect of beam damage to the samples, i.e., possible
sintering of Pt nanoparticles caused by high energy X-ray,
was examined prior to the in situ adsorption experiments.
The samples were constantly exposed to 58 keV X-ray for
two hours at room temperature and PDFs were taken

simultaneously. No obvious change of the size of Pt na-
noparticles was observed.

For all of the as-prepared samples, there is a small,
broad peak at about 2.00 A corresponding to scattering
from the Pt-O pair. This suggests that the as-prepared Pt
nanoparticles are partially oxidized on the surface. Be-
cause oxygen is a low Z element, the scattering from Pt-O
is relatively weak compared to Pt-Pt. ** Precise particle
size was obtained from quantitative fitting of the d-PDF
data from the Pt in He using software PDFgui * by apply-
ing a fcc Pt structure with spherical shape. As shown in
Figure Sz, the particle sizes obtained were 1.2 nm, 2.4 nm
and 3.4 nm for 1c, 3¢ and 5c¢ Pt, respectively. These values
from the d-PDF data are consistent with those obtained
from TEM and SAXS.
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Figure 3. (a) and (b) Differential PDFs for as-prepared 1c
Pt/ALO;, 3¢ Pt/ALO,, and 5c Pt/Al,O; measured under
ambient conditions. Resulting from integration of the 2D
diffraction images (representative image shown in the
insert).

As mentioned above, it is important to use ligand free
Pt nanoparticles to obtain unambiguous results on the
effect of adsorbates. However, the as-prepared 1-3 nm Pt
nanoparticles were likely partially or fully oxidized during
the sample transfer and the gap between sample prepara-
tion and analysis. In addition, it was reported that for
precious metal nanoparticles in this size regime, degree of
oxidation increased with decreasing Pt particle size and
increasing in the percentage of surface atoms. * It was
indeed the case from XAS measurements on the as-
prepared Pt nanoparticle samples (Figure S3). The as-
prepared Pt samples all showed clear Pt-O pair scattering
in the R-space of EXAFS spectra. In particular, for 1c
Pt/ALO; who had the smallest Pt particle size amount all
samples, Pt-O is the dominant feature in its EXAFS spec-
trum. Therefore, in this work, the Pt nanoparticles sam-
ples were fully reduced by H, at 500 K and protected in
He in the in situ sample cell at the beamline prior to the
gas molecule adsorption experiments for both PDF and
XAS measurements.
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Figure 4. Differential PDFs for (a) 1c Pt/ALO;, (b) 3¢
Pt/Al,O;, and (c) 5c Pt/ALO; under different conditions.

Figure 4 shows the d-PDF data measured for the 1c, 3¢,
and s5c samples in various states: as-prepared (Pt in
air),H,-reduced and protected in He (Pt in He), in H,, and
in CO. The literature value for the Pt-Pt bond distance in
bulk Pt is 2.78 A. * As shown in Figure 4(a), the as-
prepared 1c Pt sample has a first shell Pt-Pt bond distance
of 2.72 A. The as-prepared Pt was then fully reduced in
3.5% H, at 500 K for 30 minutes. The cell was then evacu-
ated, backfilled with ultrahigh purity helium at 500 K to
completely remove hydrogen from the supported Pt na-
noparticles (Pt-in-He), and cooled to room temperature.
The Pt-Pt bond distance of the ~1 nm Pt-in-He nanoparti-
cles measured at room temperature was 2.74 A, a ~1.4%
contraction with respect to the bulk value. Next, the Pt-
in-He nanoparticles were exposed to 3.5% H,/He and 5%
CO/He, respectively, to study the effects of these adsorb-
ates on the Pt-Pt bond distance. Upon adsorption of the
H, and CO, the Pt-Pt bond distance relaxed to 2.77 A and
278 A, respectively, close to the bulk Pt value. After the
adsorption experiments, the supported Pt nanoparticles
were re-oxidized by annealing in 5% O,/He at 500 K. The
bond distance again contracted to 2.70 A, indicating no
sintering of the Pt nanoparticles during the various
treatments. Moreover, the even shorter distance com-
pared to the as-prepared value suggests an even smaller
Pt metal core following the O, treatment than for the as-
prepared, partially-oxidized Pt particles. As shown in Fig-
ure 4 (b) and (c), the PDF measurements for the contrac-
tion and relaxation effects on the 2-3 nm Pt nanoparticles
are relatively small compared to the 1 nm sample. For the
as-prepared samples, the Pt-Pt bond distance contracted
only slightly to 2.77 A. The 2-3 nm Pt-in-He nanoparticles
with and without adsorbates exhibited the bulk Pt-Pt
bond distance of 2.78 A.

The contraction and relaxation of the Pt-Pt bond dis-
tance can be clearly observed from the outer shell of Pt.
The 1*, 3, 7" and 15" Pt-Pt shells are major peaks in the
Pt PDF data, and these distances are summarized in Table
S1 and Figure 5. The 15" shell, corresponding to a Pt-Pt
distance of ~10 A, is similar to the average size of the 1c Pt
nanoparticles. Consequently, the changes in this Pt-Pt
pair can be considered the contraction and expansion of
the whole Pt nanoparticle. For the 1c Pt-in-He, this shell

shows a slight contraction of ~0.3% with respect to bulk.
Upon H, adsorption, the particles show a slight expansion
~0.1% with respect to the bulk. When CO was adsorbed,
the whole Pt nanoparticles exhibited ~0.3% expansion
with respect to the bulk.
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Figure 5. (a) Pt-Pt bond distance expansion and contrac-
tion obtained from d-PDFs for 1c Pt/ALO; for reduced Pt,
with adsorbed CO and with adsorbed H,, respectively,
with respective to Pt bulk value. (b) full width at half
maximum (FWHM) and (c) area of the first Pt-Pt peak at
~ 2.78 A expansion and contraction obtained from d-PDFs
for Pt in He, with adsorbed CO and with adsorbed H,,
respectively.

The shape and intensity of the peaks in the PDFs di-
rectly correlate to the anisotropy of 1-3 nm Pt nanoparti-
cles. A change induced by adsorbates is the crystallinity in
the Pt nanoparticles, which can be described by the full
width at half maximum (FWHM) of the Pt-Pt bond dis-
tance at ~ 2.78 A.® In Figure 5(b), the FWHM for the Pt-
in-He in the order of 1c Pt > 3¢ Pt > 5¢ Pt. This suggests
smaller Pt NPs have a higher degree of disordered nature.
The FWHM of Pt-in-H, is smaller than the Pt-in-He. This
indicates that the adsorption of H, enhances the crystal-
linity of smaller Pt nanoparticles. Yang and coworkers
also observed similar phenomena using a combination of
HR-TEM, EXAFS and density functional theory (DFT)
studies.* Surprisingly, CO adsorption would not only lead
to larger Pt-Pt bond relaxation but also larger FWHM
than H, adsorption, implying greater disorder of Pt nano-
particles.

It was suggested that the contraction of small Pt nano-
particles was due to under coordination of the surface Pt
atoms. ¥ Adsorbates, such as CO and H,, would in-
crease the coordination of Pt atoms thereby relaxing the
contraction. This hypothesis is indeed supported by our
PDF results. The Pt-Pt coordination can be quantified by
using the area of the peak at 2.78 A shown in Figure 5(c).
The effect is most significant for the ~1 nm particles since
virtually all of the Pt atoms are at the surface. Upon ad-
sorption of CO and H,, the 2.78 A peak area increased by
~13% and ~44%, respectively. The greater increase in the
area of the first-shell of Pt-in-H, than Pt-in-CO without
increasing particle size (no change in ry,,) indicates larger
increase in coordination numbers of Pt-Pt in H, than in
CO. In contrast, the changes in peak area for the 3c and 5¢
samples were much smaller in the presence of CO and H,



since most of the Pt atoms in these larger particles are
already fully coordinated.
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Figure 6. (a) PDFs, G(r), for Pt bulk (blue), Pt,,, on sub-
strate (red), and Pty on substrate (green), respectively;
(b) bulk Pt structure at optimal lattice constants; (c) Pt,,,
on alumina substrate; (d) Pt,s on alumina substrate.

Dashed lines indicate the peak locations for the 1%, 3'd and
7" shells.

Molecular dynamics simulations based on empirical in-
teratomic potentials were used to gain further insights in
the structures of supported Pt nanoparticles, and to pro-
vide additional evidence on the Pt-Pt bond contractions
of supported Pt nanoparticles. The simulated PDFs, G(r),
for Pt-bulk and Pt,,, and Pt,s on alumina substrates are
shown in Figure 6(a), and the corresponding molecular
structures of Pt bulk, Pt,,, (d = 1.5 nm) and Pt;s (d = 1 nm)
are illustrated in Figure 6(b-d) respectively. For Pt bulk,
the respective Pt-Pt distances for the main peaks at the 1%,
3 and 7™ shell are 2.79 A, 4.82 A, and 7.37 A (as labeled
in Figure 6). For equilibrated Pt,,, and Pty, the Pt atoms
organized themselves into island with each layer arranged
based on the fcc ABC-type stacking, resembling that of
the Pt bulk. All the peak locations in G(r) corresponding
to their respective 1%, 3'd and 7th shells move to the left
relative to the peaks of Pt bulk, indicating Pt-Pt bond
contraction. The Pt-Pt bond distance for each shell fol-
lows the order of Ptys < Pt,,, < Pt bulk. The peak locations
of the Pt,,, cluster show good numerical agreement with
the shell distances for 1c Pt/Al,O; in He condition in Ta-
ble Si.

The structures of free Pt,, and Pty clusters (without
support) were also considered using the Sutton-Chen po-
tential (see Figure S4 in Supporting Information). It can
be seen that the contraction of the nearest neighbor (1
shell) are actually comparable between the particles of
the same size, e.g. 1" shell Pt-Pt distance of 2.65 A versus
2.66 A for Pty, and 1 shell Pt-Pt distance of 2.70 A versus
2.70 A for Pt,,,. What distinguishes the free and supported

Pt particles are their geometries, without support the Pt
atoms in the cluster are more disorderly arranged, as re-
flected in the PDFs with less pronounced peak features
and more severe Pt-Pt bond contractions especially in the
outer shells (3 and 7" shells). It is also obvious that on
the substrate the Pty cluster shows a flatter geometry
(with only two atomic layers) compared to Pt,,, (as shown
in Figure Ss). This indicates that the 3D cluster structures
may become thermodynamically more favorable with the
increase of cluster size, where smaller clusters show ten-
dency to maximize the interactions with the substrate. In
general, the gas phase clusters are more spherical than
the supported clusters, although the supported clusters
also become more spherical as the particle size increases.

Table 2. L, EXAFS fits of Pt catalysts at RT with and
without adsorbed CO or H,.*

Adsorbed gas CNpe.pe .,R DWF E,
(A) (x10%) (eV)
Pt foil None (in He) 12 2.77 0.0 0.0
1c Pt None (in He) 5.9 2.69 2.0 -1.6
H, 6.0 2.74 1.0 -2.3
CcO 6.0 2.76 1.0 -1.2
3¢ Pt None (in He) 8.7 273 1O -0.1
H, 8.7 2.76 0.5 -0.8
cO 8.5 2.76 1.0 -1.3
5c¢ Pt None (in He) 10.0 274 05 0.2
H, 10.2 2,76 0.5 -0.8
cO 9.8 2.76 0.5 0.8

°CN is coordination numbers with error +10%. R is
bond distance with error +0.02 A. DWF is Debye-Waller
factor. Eo is energy shift. A two-shell model fit of the k*-
weighted EXAFS data was obtained between k = 2.9-11.7
A'andr=13-2.8A.

To further explore the effects of adsorbates, we con-
ducted in situ XAS measurement at the Pt L; edge under
the same conditions used for the in situ PDF experiments.
The bond distances extracted from the XAS measure-
ments were slightly smaller than those obtained from the
PDF measurements. This phenomenon has been ascribed
to anharmonic vibration of the surface atoms in the small
nanoparticles at room temperature. ‘> However, the con-
traction and relaxation of the Pt bond distances deter-
mined by fitting the EXAFS data were very similar to
those of the PDF measurements (Table 2 and Figure S6).
The bond distance for the 1 nm Pt-in-He was 2.69 A. With
the adsorption of H, and CO, the bond distance relaxed to
2.74 and 2.76 A, respectively. Similar trends were ob-
served for the 2-3 nm Pt nanoparticles but the magnitude
of the changes was smaller.

Changes in the electronic structure of small Pt nano-
particles caused by adsorbates may in turn change the Pt
lattice parameters. XANES of the Pt L; edge represents a
2p — 5d transition. As observed in previous studies, ad-
sorption of H, and CO results in changes in the shape of



the Pt L, XANES spectra. > * Figure 7 shows the Pt L,
edge for 1-3 nm Pt/Al,O; with adsorbed H, and CO. The
L, edge shifts to higher energy and the peaks broaden
with adsorbed H, and CO. These changes are most signif-
icant for the smallest Pt particles. The AXANES (XANES
of the Pt nanoparticles with the adsorbate minus that in
He) has a negative peak at the edge (~11.564 keV) and a
positive peak beyond the edge. The area of the positive
peaks is suggested proportional to the H/Pt or CO/Pt ra-
tio, *** which we ascribe to differences in the Pt particle
size and dispersion. Specifically, smaller Pt nanoparticles
have higher H/Pt or CO/Pt ratio under the same condi-
tions because they have a higher percentage of surface
atoms. The higher H/Pt and CO/Pt ratio can cause a larg-
er change in the electronic structure of Pt nanoparticles
which reflects as a larger AXANES spectrum.
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Figure 7. Normalized Pt L, XANES and AXANES of (a) 1c
Pt/ALQ;, (b) 3¢ Pt/AlLO;, and (c) 5¢ Pt/ALO;. Green in H,.
Red in CO. Black in He. Solid line L; XANES. Dash Dot
line L, AXANES with respect to Pt in He.

Lattice contraction of very small particles has been at-
tributed to changes in the hybridization of metal bonds at
the surface that minimize the under-coordination of the
surface atoms. ¥ Consequently, the adsorption of H, and
CO relaxes this lattice contraction in 1-3 nm Pt nanoparti-
cles due to rehybridization of the metal orbitals. * Our
PDF and XAS data suggest the rehybridization caused by
H, and CO are different, and this finding is consistent
with previous DFT calculations.*” In PDF measurements,
the adsorption of CO on 1-3 nm Pt nanoparticles would
lead to a longer Pt-Pt bond distance and less crystallinity
compared to H, adsorption. In the XANES and AXANES
measurements, the changes in L, edge are more signifi-
cant when CO was adsorbed on Pt as compared to H,.
The difference in Pt-adsorbate bonding hybridization can
be used to explain the PDF data. In the case of CO ad-
sorption, it was suggested the hybridization of d-orbitals
is involved in back donation to the CO n-bond. * In con-
trast, when hydrogen adsorbs on Pt, Pt-H anti-bonding
states are formed with s-d coupling to stabilize the metal
cluster d bonding state. The adsorption of H, produces a
similar, but smaller effect than that with adsorbed CO in
agreement with the previous reports.

CONLUSION

In conclusion, for 1-3 nm Pt nanoparticles supported
over ALO,, we have observed changes in the Pt lattice
parameters upon adsorption of CO and H,. In situ PDF
measurements showed that the Pt-Pt bond distance con-
tracts by ~1.4% at the surface of ~ 1 nm Pt-in-He nanopar-
ticles. The 2-3 nm Pt nanoparticles showed similar but
smaller changes due to the lower fraction of under coor-
dinated Pt surface atoms in larger Pt particles. The ad-
sorption of H, and CO at room temperature relaxed Pt-Pt
bond contraction to a value near that of bulk fcc Pt. Simi-
lar phenomena are confirmed by the in situ XAS study
under the same conditions. The adsorption of H, im-
proves the crystallinity of small Pt nanoparticles. Howev-
er, with the adsorbed CO, d-PDF suggested a more disor-
dered fcc structure for 1-3 nm Pt nanoparticles than the
Pt-in-He nanoparticles. This can be explained by the elec-
tron back donation from Pt nanoparticles to the CO, lead-
ing to higher degree of rehybridization of the metal orbit-
als in Pt-adsorbates system. These findings will help us to
understand adsorbate-induced structural and chemical
changes in sub-3 nanometer Pt catalysts and be useful for
improving catalytic activity.
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