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X-ray characterization of catalyst materials using synchrotron radiation has become more
widely available to the scientific community in recent decades. Techniques such as X-ray
absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS) have enabled in-
situ and in-operando studies of dilute catalyst sites for heterogeneous catalyst materials in order
to obtain information about local geometric and electronic structure and how it impacts chemical
transformations. Non-resonant or valence-to-core X-ray emission spectroscopy (NR-XES or VtC-
XES) is an emerging technique used to probe changes to the d-electron density of states (d-DOS)
for various factors such as ligand environment or alloy formation. In this study, VtC-XES provides
insights into the electronic structure of Pt nanoparticles of different sizes dispersed in a typical
heterogeneous catalyst support of Si0,. The results experimentally verify that the d-band center of
the Pt catalysts systematically increases with decreasing nanoparticle size. Going from a fully-
coordinated Pt foil to Pt nanoparticles of 2 nm in diameter, the shift in the d-band center scales
linearly with the proportion of surface Pt atoms to bulk Pt atoms. While VtC-XES shows that the
filled Pt 5d states shift systematically to higher energy, XANES shows that the unfilled Pt 5d states
also shift systematically to higher energy. These findings align with previous computational and
experimental studies, and confirm that in-situ VtC-XES is a capable technique for assessing the d-
DOS of catalyst materials. Moreover, an XAS beamline can assess multiple aspects of both the
geometric and electronic structure of a catalyst. A more precise determination of electronic
structure can be correlated with heats of adsorption of various adsorbates in order to drive the

design of future catalyst materials.

Keywords: X-ray emission spectroscopy, Platinum catalyst, d-band center, nanoparticle size.

1. Introduction
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The ability to characterize catalysts at the atomic level is critical to accelerated discovery
and development of new materials. Significant improvements in characterization techniques such
as synchrotron X-ray absorption spectroscopy (XAS), including improved synchrotron design and
detector technology as well as accessibility, have enabled analyses such as X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) for
characterization of active sites in metal catalysts.!> XANES provides useful information about the
electronic structure and is often used to obtain oxidation states. EXAFS yields information about

bond distances and local coordination, including the number and types of atoms.’

The future of catalyst material discovery is expected to mirror future developments in
characterization methods. Resonant inelastic X-ray scattering (RIXS) has been recently developed
to assess the electronic structure of metallic catalyst materials.®” RIXS is a two-step process
involving a resonant excitation of a core electron into an intermediate state and a subsequent decay
into a final state, emitting an X-ray. Within the past two decades, RIXS has been used for in-situ
metallic catalyst studies to determine the structure of the valence electron band.’*> More recently,
the method has been extended to 5d metal catalysts such as Pt and Ir to obtain electronic
information about the average energy of filled and unfilled 5d valence states.>!*1523-2 Despite the
technique development, information about the entire filled density of states of 5d metal materials
remains elusive. Using RIXS, the different intermediate states can interfere with one another
because of the large number of resonant states.”? RIXS can circumvent core-hole lifetime
broadening to achieve high energy resolution but is susceptible to considerable uncertainty
incurred when subtracting the elastic scattering line from the spectra.!*?>* This implies that only
the average energy of the filled valence states can be ascertained. Valence-band X-ray or
ultraviolet photoelectron spectroscopy (VB — XPS or UPS) experiments have been successfully
used to determine the d-electron density of states (d-DOS) distribution for metals.!'820-26:33
Nevertheless, the photoemission of valence electrons is limited to a soft X-ray range, which
requires ultra-high vacuum. This is not compatible with in-situ applications where the emitted X-
rays must have sufficient energy to penetrate reacting gases, catalyst particles, cell windows, etc.
This makes it difficult to discern whether an electronic change can be attributed to differences in
surface adsorbates or a property inherent to the bulk material (e.g. surface oxidation of a

nanoparticle or the formation of an alloy). Additionally, the subtraction of the background or the
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deconvolution of contributions of other elements in the sample may introduce significant

uncertainty.?%3*

Non-resonant X-ray emission spectroscopy (NR-XES), which focuses on the valence-to-
core region (VtC-XES or V2C-XES), is an emerging technique that can probe the full distribution
of the density of states while using hard X-rays, which affords element-specific analysis.> Given
the highly penetrative power of hard X-rays, VtC-XES 1is better suited for in-situ experiments
which maintain the desired chemical environment (i.e. partial pressure of gases, temperature, pre-
treatment).?® Additionally, the setup can be used in tandem with XAS analysis to provide a holistic
picture of the geometric and electronic properties of a material. VtC-XES can decouple elastic and
inelastic contributions to the X-ray emission by using an incident X-ray energy higher than that of
the edge being studied, thereby exciting an electron into the continuum.’ Doing so turns the
resulting decay of an electron to the core hole into a one-electron process whose specific energy
can be selected using a crystal analyzer.?® VtC-XES has historically been applied to 3d or 4d
compounds with a high weight loading of the desired metal, such as Mn, Fe, Cr, Cu, or Nb in order
to probe the electronic structure with a different ligand environment.?’2%313342 Dye to recent
improvements in synchrotron flux such as the development of 4™ generation synchrotrons as well
as the improvement of X-ray detector technology, VtC-XES has been extended to more dilute (~1
to 2 wt%) catalysts with 3d metals, such as Cu/SSZ-13, Fe/ZSM-5, or Pt/CeOx (probing the Ce 3d
states).’*323¢ The technique has proven to be useful for in-situ and in-operando studies to probe

changes under reaction conditions.”*?

Nevertheless, there is significant opportunity for improvement of the VtC-XES technique.
For example, there has been little application to 5d metals that are important catalyst materials
such as Pt, Ir, or Au. This is in large part due to technological limitations for detecting the relatively
weak LPs emission line, which represents a 5ds;2 or 5ds2 to 2p3s2 transition.* This study focuses
on Pt, which is widely used for important catalytic reactions in thermochemistry and
electrochemistry such as alkane dehydrogenation or the electrochemical oxygen reduction
reaction.’”3® VtC-XES affords the ability to obtain the structure of the Pt 5d-DOS for the filled
states, while XANES affords information about the average energy of the Pt 5d unfilled states.*
Very few studies have attempted VtC-XES on Pt catalyst materials. One such study resolves VtC-
XES to apply to Pt and Au compounds in order to study the electronic structure of the 5d metal
with different ligands.'>* Another recent study extends XES to Pt-Ni nanoparticles, but instead

4
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employs resonant X-ray emission spectroscopy (RXES), making it difficult to decouple resonant
and non-resonant effects.>**! Yet another study uses XES to explore Pt layers on a separate metal

substrate, including alloys, but probes the oxygen K edge XES rather than Pt XES.*

Herein, VtC-XES is employed to investigate the 5d-DOS for Pt nanoparticles supported on
Si0; of various sizes similar to those commonly used as catalysts. Pt nanoparticles ranging from
2 to 5 nm are synthesized and characterized using STEM to confirm nanoparticle size. XAS and
VtC-XES are employed to experimentally measure the average energy of the Pt filled and unfilled
states, respectively. In this work, VtC-XES spectra were obtained for Pt nanoparticle samples of
different sizes under in-situ reducing conditions in order to assess changes in the d-DOS such as
d-band center, d-band width, etc. The experimentally determined impact of Pt nanoparticle size on
the 5d-DOS is shown to shift the DOS to higher energy with decreasing size. Density functional
theory (DFT) calculations performed on slabs and clusters in this study show an analogous shift

with respect to undercoordinated Pt sites, which aligns with previous literature results.?%2!

2. Experimental Methods
2.1 Materials and Synthesis

Monometallic Pt nanoparticles of varying sizes on SiO; supports were synthesized via
incipient wetness impregnation (IWI). Three monometallic Pt samples were synthesized
(shorthand names are given in parentheses): 2 wt% Pt/SiO2 (small), 2 wt% Pt/SiO> (medium), and
10 wt% Pt/SiO2 (large) samples. In a typical synthesis, a tetraammineplatinum(Il) nitrate
[Pt(NH3)4(NO3)2, Sigma-Aldrich] is dissolved in ultrapure, deionized water to achieve a metal
loading of 2 wt% or 10 wt%; 2 wt% was employed to achieve small and medium sized
nanoparticles, while 10 wt% was used to make larger nanoparticles. The pH is adjusted to 11 using
a minimal amount of 30% ammonium hydroxide solution [NH4OH, Thermo Fisher Scientific].
The solution is then added dropwise onto Davisil® Grade 646 [35-60 mesh, pore size 150 A, Sigma
Aldrich] silica gel support. The material is dried at 120 °C for 12 hours and then calcined in air for
3 hours. The small sample was calcined at 225 °C, the medium sample at 300 °C, and the large
sample at 450 °C. Subsequently, each sample is reduced in dilute hydrogen [5% H2/He, Indiana

Oxygen] for two hours. The small sample was reduced at 225 °C, the medium sample at 400 °C,
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and the large sample at 550 °C. The goal to synthesize common Pt catalyst materials with a dilute

Pt content (~2 wt%).

A separate sample of Pt nanoparticles supported on silica was synthesized to serve as a
standard reference to ensure energy calibration of the beamline setup. This sample was prepared
similarly to the other samples with a weight loading of 3 wt% Pt, a calcination temperature of 250

°C, and a reduction temperature of 550 °C.

2.2 Scanning Transmission Electron Microscopy (STEM) Characterization

For scanning transmission electron microscopy (STEM), samples were prepared by drop-
drying 10 uL of a 1 mg/mL supported catalyst suspension onto a Cu grid. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) were collected on an FEI Talos

F200X S/TEM with a 200 kV X-FEG field-emission source.

Nanoparticle size was assessed using ImagelJ software.” Assuming spherical nanoparticles,
the percentage of surface atoms was calculated for each nanoparticle using a ratio of the volume
of a shell with a thickness of ¢ to the total volume of the sphere, given in Equation 1.!! The
thickness of the shell was estimated to be equal to the Pt-Pt bond distance obtained using XAS,
which is analogous to the atomic diameter of Pt, and d is the nanoparticle diameter. Overall
dispersion was estimated by dividing the total number of surface atoms by the total number of

atoms across all the nanoparticles considered.

Vsheu 1 (d - 25)3 (1)

Vsphere d

2.3 X-ray Absorption Spectroscopy (XAS) Characterization

The XAS and XES measurements were conducted at the NSLS-II 8-ID Inner Shell
Spectroscopy (ISS) beamline.®> XAS was conducted at the Pt Liis (11.564 keV) edge in transmission
mode to obtain XANES and EXAFS. Three ion chambers were used for simultaneous
measurement of a Pt foil energy calibration standard. The Pt foil is also used as a bulk metal
(CN=12) Pt standard. Other Pt standards were diluted in boron nitride [BN, Thermo Fisher

Scientific], ground into a fine powder, and pressed into wafers for ex-sifu scans in transmission
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mode. The Pt nanoparticle samples were inserted in capillaries, supported by a bed of quartz wool,
and placed in an in-situ cell for gas and temperature treatment. The Pt nanoparticle samples were
scanned in fluorescence mode using a Passivated Implanted Planar Silicon (PIPS) detector placed
at a 45° angle from the incident beam. The PIPS detector was equipped with a gallium oxide
(Gax03) filter in order to filter out elastic scattering. The in-situ cell is positioned to enable
simultaneous fluorescence measurement of the sample as well as transmission measurement of the
foil reference. In the in-situ cell, the Pt nanoparticle samples were pre-treated at 250 °C in 10% H>
(balance He) for 30 minutes in order to remove surface oxygen from the nanoparticles, rendering

them completely metallic. The sample was then cooled to 25 °C in He and scanned.

All spectra were analyzed using WinXAS 4.0 software.* The XANES of the Pt compounds
was used for analysis of oxidation state. Standard EXAFS fitting procedures were applied to the
Pt nanoparticle samples in order to estimate Pt coordination and bond distances. A Pt-Pt scattering
path was generated using the Pt foil as a fully coordinated (CN=12) metallic reference.
Coordination number and % dispersion for Pt nanoparticles can be correlated by using the

empirical relationship given in Equation 2 where D is percent dispersion. '

log(D) = —0.13 - CNpy_p; + 2.58 2)

2.4 Valence-to-Core X-ray Emission Spectroscopy (VtC-XES) Characterization

The in-situ reactor is positioned such that simultaneous transmission, emission, and
fluorescence are achievable. The incident X-ray energy was held at a constant value of 11900 eV,
well above the edge energy of Pt Liy, thus constituting non-resonant X-ray emission spectroscopy.
The spectrometer is a Johann spectrometer, equipped with a Si (933) spherically-bent crystal
analyzer (SBCA) with a radius of curvature of 0.5 m. The crystal analyzer diffracts the emitted X-
rays to a Detris Pilatus© detector positioned above the sample that moves in conjunction with the
crystals, allowing the selection of a single emission energy that is focused to a single point on the
detector. The crystal and detector move in a highly coordinated manner following a Rowland circle
geometry.>?® Energy resolution of the setup was estimated to be 1.9 eV using inelastic scattering.
Between 10 and 20 VtC-XES scans were averaged for each sample. The d-band center is calculated
by dividing the weighted average energy of the density of states distribution by the total number

of d-band electrons. Mathematically, this is represented in Equation 3.6

7
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2.5 Density Functional Theory (DFT) Calculations

Pt nanoparticles were pre-relaxed using the effective medium theory (EMT) potential as
implemented in the Python Atomic Simulation Environment (ASE).>® Geometry relaxations were
performed on pre-relaxed nanoparticles using plane-wave density functional theory (DFT)
calculations as implemented in the Vienna Ab-initio Simulation Package (VASP) code®!' with an
energy cutoff of 400 eV and a single k-point. Relaxation was terminated when the Hellman-
Feynman forces were below 0.02 eV/A. Vacuum space of 40 A was added in the unit cell to prevent
interaction between periodic images. Single-point energy calculations with an energy cutoff of 600
eV were performed on converged geometries. Electron states above the Fermi level were populated
above 0 K using Gaussian smearing. Core-electron states were modeled using the frozen core
approximation and expressed using the Projector Augmented Wave (PAW) method.>? Projected
density of states (pDOS) were calculated for Pt atoms in a range of -10 eV to 5 eV referenced to
the Fermi level with an energy resolution of 0.0065 eV. pDOS spectra were smoothed using the

Hanning window as implemented in Scipy® for visualization.

The d-band center was evaluated computationally as the first moment of the pDOS
(Equation 4) where E;p = =10 eV, Eyp = 5 eV, and p(E — Ef) is the pDOS. The integrals were

evaluated numerically using the trapezoidal method.

E_ﬁﬁﬁ—%ww—%ww—@) @
L (B - Ey)d(E - Ef)
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Figure 1. HAADF-STEM images and their corresponding size distributions of A,B) small Pt

nanoparticle sample, C,D) medium Pt nanoparticle sample, and E,F) large Pt nanoparticle sample.

Nanoparticle size distributions were determined using HAADF-STEM (Figure 1). The
small, medium, and large samples have an average diameter of 2.1 =0.5 nm, 3.0+ 1.1 nm, and 5.1
+ 1.1 nm respectively. From these nanoparticle size distributions, dispersion was calculated based
on an estimation of the total number of surface atoms relative to total nanoparticle volume,'! which

increases with decreasing nanoparticle size, as shown in Table 1.

Table 1. Nanoparticle size and dispersion.

Nanoparticle
Dispersion
Sample Diameter
(%)
(nm)

Pt foil - 0
Large Pt NPs 51+1.9 23
Medium Pt NPs 30+1.1 37
Small Pt NPs 2.1+£0.5 54

10
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Figure 2. Pt Lin EXAFS for samples with Pt nanoparticles of different sizes. Pt foil (black), large

sample (dark red), medium sample (moderate red), and small sample (light red).

To corroborate the nanoparticle size distribution as determined by STEM, EXAFS is also
employed to determine nanoparticle dispersion. Three different Pt nanoparticle samples were
reduced in H» at 250 °C to ensure no surface PtO is present. Subsequently, the samples were cooled
to room temperature and scanned in flowing H>. The three-peak pattern for all the samples is
indicative of metallic Pt (Figure 2). There is no evidence of Pt-O scattering, which would occur at
values of ~1.7 A (phase-uncorrected distance), meaning that all Pt in the samples has been reduced
by the pre-treatment in dilute H at 250 °C. There is a systematic decrease in Fourier-transform
magnitude with decreasing nanoparticle size, indicating a decrease in bulk average coordination.
Additionally, the peaks shift to lower R with decreasing nanoparticle size, indicating bond

contraction which is consistent with previous studies.®*! The bond distance is assessed in the
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EXAFS fitting results, which are given in Table 2. The value of S,%, the amplitude reduction factor,
was determined to be 0.81 based on the Pt foil reference. Using the phase and amplitude of an
experimentally generated Pt-Pt scattering path from the Pt foil, the samples were found to have
lower bulk-average Pt-Pt coordination relative to the foil. This is indicative of a higher proportion
of undercoordinated Pt atoms to fully coordinated Pt atoms, meaning the nanoparticles are smaller

with a lower Pt-Pt coordination.

Table 2. Pt L3 edge XANES edge energy and EXAFS fits for the Pt foil and the small, medium,

and large Pt nanoparticle samples.

Edge energy  Scattering CN R Shift in E,
Sample ] Ao’ (A%
(keV) Pair (£10%) (£0.02 A) (eV)
Pt foil 11.5644 Pt-Pt 12.0 2.77 0.004 7.0
Large Pt NPs 11.5646 Pt-Pt 10.1 2.76 0.006 -0.6
Medium Pt NPs 11.5648 Pt-Pt 8.3 2.74 0.007 -1.5
Small Pt NPs 11.5650 Pt-Pt 7.1 2.72 0.008 -2.1
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Figure 3. Dispersion determined from coordination number from EXAFS fitting versus dispersion
determined from STEM. Results from the nanoparticle materials from this study (black circles)

are plotted alongside the empirical relationship from literature (dashed black line).'”
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The coordination number for Pt has been shown to be correlated with nanoparticle
dispersion; thus, the nanoparticle dispersion can be independently calculated to corroborate the
STEM results (Table 1). Nanoparticle dispersion calculated from XAS is consistent with the
dispersion calculated from STEM (Figure 3).

16— O
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Figure 4. Pt Lin XANES for samples with Pt nanoparticles of different sizes. Pt foil (black), large

sample (dark red), medium sample (moderate red), and small sample (light red).

The XANES for the samples (Figure 4) show a systematic increase in edge energy between
0.2 to 0.6 eV with decreasing nanoparticle size relative to the foil (Table 2), which is defined as

the inflection point of the leading edge of the XANES spectrum.
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Figure 5. Day #1 (black) and Day #3 (red) VtC-XES calibration spectra.

The standard Pt catalyst reference sample was scanned periodically throughout the
experiment, without gas or temperature treatment, to ensure the energy calibration of the beamline
setup (Figure 5). The spectra for this sample are identical within +/- 0.1 eV. The spectra were
normalized using the peak maximum and the baseline. The peaks are slightly skewed toward

having a higher density at a higher energy level.
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Figure 6. VtC-XES spectra for samples with Pt nanoparticles of different sizes. Pt foil (black),

large sample (dark red), medium sample (moderate red), and small sample (light red).

The X-ray emission spectroscopy setup at the 8-ID beamline at the NSLS-II has the
capability to detect the LBs VtC-XES spectra for 5d nano-materials and Pt foil (Figure 6). The Pt
nanoparticle samples were scanned for VtC-XES after being reduced in Hz at 250 °C. The VtC-
XES spectra show a systematic increase in emission energy with decreasing nanoparticle size. The
spectrum is analogous to a density of states (5d-DOS) distribution, and occurs at a similar energy
(~11565 eV) compared to previous study of Pt compounds.'? In this case, the VtC-XES features
at higher energy are closer to the Fermi level. Two metrics have been previously employed to
assess the spectra: the d-band center and the full width at half maximum. The d-band center is
defined as the first moment of the area underneath the distribution (relative to the baseline).!¢ The

full width at half maximum (FWHM, relative to baseline) intensity is a measure of the broadness
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of the spectra. However, as evidenced by the shift to higher energy levels for the smaller
nanoparticles (Figure 6), the spectra become increasingly shifted towards the Fermi level for
smaller nanoparticles (i.e., shifted to higher energies). Thus, a third term to describe VtC-XES
spectra is helpful for describing these energy shifts: the leading-edge energy. The proposed
definition of the leading-edge energy is the energy of the right edge, or leading edge, of the
spectrum at half maximum intensity, which is an estimate of the energy of the highest occupied

molecular orbital (HOMO).

Table 3. Leading edge energy and d-band center energy for VtC-XES spectra of Pt nanoparticles.

Leading d-band C XANES Ed
-ban enter (5]
Sample Edge Energy FWHM (eV) s
Energy (eV) energy (eV)
(eV)

Pt foil 11566.6 11562.5 8.0 11564.4
Large Pt NPs 11567.0 11562.8 8.2 11564.6
Medium Pt NPs 11567.3 11563.1 8.0 11564.8
Small Pt NPs 11567.6 11563.6 74 11565.0

The metrics for VtC-XES are listed in Table 3 along with the XANES edge energy
determined from XAS. The FWHM of the small sample has a slightly narrower XES spectrum
compared to the other samples, which has been observed computationally for the d-DOS of small
Pt nanoparticles.?! The FWHM metric value of ~7 to 8 eV is similar compared to computational
predictions for the 5d-DOS of Pt.!*!3!7 Additionally, it is similar compared to experimental
predictions using XPS.'®2° Nonetheless, the spectra have a width of approximately 15 eV, which
is double the width of computational or VB-XPS results for a Pt d-DOS and therefore merits

discussion.

To probe the effect of changing nanoparticle size on the electronic structure and,
specifically, the d-band center of Pt, density functional theory (DFT) calculations are performed
on four octahedral nanoparticle clusters—Pt-38, Pt-79, Pt-201, and Pt-314 (Figure 7a-d, where the

number indicates the number of atoms in the cluster). These correspond to nanoparticles with sizes
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ranging from 0.8 nm—2.0 nm. While these sizes are smaller compared to the experimental samples,
the trends from our analyses are expected to be generalizable to larger nanoparticles. The
dispersion for each nanoparticle is calculated as the ratio of the number of atoms with a
coordination number less than 12 (bulk FCC coordination) to the total number of atoms. Further,
the d-band center is calculated by evaluating the first moment of the projected density of 5d states
for all atoms in the nanoparticle (Equation 3). There is a linear relationship between the d-band
center and dispersion (Figure 7¢). Additionally, the intercept of linear relation can be interpreted

as the d-band center of a bulk Pt atom in the limiting case of zero dispersion.

-2.16
ol » _2.181

—2.20 A

—2.221 £4=0.41d-2.51

R?=0.98

—2.24 1

d-band center (g4) (eV)

—2.26 1

—-2.289 ©

055 060 065 070 0.75 0.80 0.85
Dispersion (d)

(e)

Figure 7. Schematics of octahedral nanoparticle clusters in the order of decreasing dispersion (a)
Pt-38, (b) Pt-79, (¢) Pt-201, (d) Pt-314. (e) Plot of d-band centers of the nanoparticle clusters
against dispersion. A linear fit is also shown along with the slope (0.41), intercept (-2.51 eV), and

coefficient of determination (R? = 0.98).

17



348 4. Discussion

60 T T T

50_ //

€ 40 .

Dispersio
- N w
o o o
A

o
1
|

11562.5  11563.0 11563.5
d-band Center Energy (eV)

349

350  Figure 8. Nanoparticle dispersion versus d-band center energy.

60 : . . ,

Dispersion
N w o [42]
o o o o
.
N

-
o
P B
N
\

01 m

11566.5 11567.0 11567.5
Leading Edge Energy (eV)

351

352  Figure 9. Nanoparticle dispersion versus leading edge energy.
353

18



354
355
356
357
358
359
360
361
362
363
364

365
366
367
368
369
370
371
372
373
374
375
376
377
378

379
380
381
382
383
384

Both the XANES energy shift (Figure 4) and the systematic decrease in FT magnitude of
the first three EXAFS oscillations (Figure 3) are characteristic of metallic Pt nanoparticles with
decreasing size.®!° Figure 3 shows a reasonable agreement based on previous literature for metallic
Pt nanoparticles and the dispersion determined from EXAFS fitting or STEM.!® Therefore, the
method used to calculate dispersion is a reasonable estimate for the proportion of fully coordinated
(bulk) Pt atoms to undercoordinated (surface) Pt atoms in the nanoparticle samples. Because
XANES corresponds with the Pt Lii edge, it represents the transition of an electron from a 2p3/2 to
an unfilled 5d3, or 5ds. state, meaning that it can be used to assess properties about the valence
electronic structure of Pt. Specifically, it can be used to quantify the average energy of the Pt
unfilled 5d states.!*!> Therefore, with decreasing nanoparticle size, the average energy of the

unfilled 5d states increases.

Narrowing of the d-DOS has also been observed for similarly sized nanoparticles using
high resolution VB-XPS, and the study goes on to attribute the narrowing to the hybridization of
fewer wave functions in smaller Pt nanoparticles.?’ This could also be due to the narrower
nanoparticle size distribution (determined from the STEM imagery). The d-band center shift
assessed is also similar to the shift from VB-XPS. Going from nanoparticles of 5.3 nm to 2.4 nm
in diameter, there is an increase in d-band center of 0.4 eV for VB-XES.? In this study, going
from nanoparticles 5.1 nm to 2.1 nm in diameter, there is a comparable increase in d-band center
of 0.8 eV. Slight differences may be attributed to differences in the oxidation state of each material.
While all Pt atoms in this in-situ study are metallic (Pt°), the Pt atoms in ex-situ VB-XES located
near the surface of the nanoparticles may be oxidized, leading to a different electronic environment
with Pt-O bonds as opposed to only Pt-Pt bonds.?**” The spectra in this study appear broader than
the VB-XES spectra. Part of this may be due to the energy resolution of the spectroscopic setup.
Other uncertainty may arise from the fact that supported Pt nanoparticles are not all perfectly

149

spherical™ and that the number of defects on the surface can differ.

Figure 8 and Figure 9 show the VtC-XES d-band center as well as the energy of the leading
edge of the 5d DOS linearly increased with increasing dispersion. There is a strong correlation in
both cases, reporting an R-value of 0.981 and 0.999 for the former and the latter respectively. In
other words, the proportion of surface atoms to bulk atoms is directly proportional to the shift in
the leading-edge energy of the d-DOS. Computationally, similar shifts in the d-band center to

higher energy for smaller nanoparticles have been predicted.’! A previous study using
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computational FEFF modeling for Au nanoparticles of different sizes reports a narrower d band in
small Au nanoparticles, with the d-DOS being shifted toward the Fermi level for the smallest
nanoparticles.*> This study shows a similar trend for Pt, where the spectrum narrows and shifts
closer to the Fermi level. Using VB-XPS, similar shifts of the d-band center to higher energy have
been observed for nanoparticles of decreasing size. For example, it is reported that for Pt
nanoparticles of 5.3 nm and 2.4 nm average diameter, there is a d-band center increase in energy
of ~0.4 eV.? This shift corresponds to the d-band energy increase observed from the large sample

to the medium/small samples of between 0.3 and 0.8 eV.

DFT calculations are employed in this study to examine the d-band centers of individual
step, terrace, and bulk atoms in Pt-314 to elucidate the cause of the upshift in d-band center with
increase in dispersion. In Figure 10a, we plot the d-band centers of a row of bulk atoms along the
[100] axis of the nanoparticle capped by terrace atoms on the short (100) facet. The d-band center
first shifts downward and then slightly upward on moving from the (100) terrace to the center of
the nanoparticle. The d-band center of the center bulk atoms is -2.51 eV, which is equal to the
intercept of the linear relationship between d-band center and dispersion. This is consistent with
the previous interpretation of the intercept. The overall difference between the d-band center of
the terrace atom and the center bulk atom is 0.59 eV. Furthermore, in Figure 10b, the d-band
centers of a row of atoms on the (111) terrace capped by step atoms on either side is plotted. The
d-band center shifts downward from the step edge to the center of the terrace, with the overall

difference equaling 0.15 eV.
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Figure 10. A) Plot of d-band center for each shaded atom along the cross-section of the Pt-314
nanoparticle. The first and last atoms are present on the terraces (CN=9), and the remaining atoms
are present in the bulk (CN=12). B) Plot of d-band center for each shaded atom on the terrace of
the Pt-314 nanoparticle. The first and last atoms correspond to undercoordinated steps (CN=7) and

the remaining atoms correspond to terrace atoms (CN=9).

The downshift in d-band center from the step to the terrace and from the terrace to the bulk
can be rationalized on the basis of coordination. Nerskov and coworkers®**> have shown that the
d-band center shifts to a lower energy with an increase in the coordination number for single crystal
facets of Pt. Moreover, the downshift in d-band center of the subsurface atoms closer to the terrace
compared to the center bulk atoms can be explained by the presence of compressive strain at the
surface. Many prior studies have shown that strain can lead to shifts in the d-band center, with
compressive strain leading to a downshift and tensile strain leading to an upshift.>***>® Since
subsurface atoms have the same coordination as the center bulk atoms, the coordination effect
should be negligible. However, since the subsurface atoms have contracted bonds near the surface
(see Table S1, Table S2, and Table S3), their d-band center is lower than the bulk atoms. To
summarize, since an increase in dispersion corresponds to an increase in the fraction of step and
terrace atoms that show higher d-band centers compared to bulk atoms, there is an overall increase

in the averaged d-band center of the nanoparticle. The projected density of states is plotted in
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426  Figure 11, which is smoothed using Hanning smoothing as implemented in SciPy.>® The nature of
427  the states transforms from discrete-like to continuous as the nanoparticle size (i.e. the number of

428  atoms) increases.
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Figure 11. Smoothed projected density of states (pDOS) of Pt atoms in nanoparticles of different

sizes. The pDOS is normalized by the number of atoms.

The increase in d-band center energy, which represents the filled Pt 5d states as determined
using VtC-XES and DFT, is accompanied by an increase in the average energy of the XANES,
which represents the unfilled Pt 5d states. Both the bonding (VtC-XES) and antibonding (XANES)
orbitals shift to a higher energy with decreasing nanoparticle size. Changes in the d-DOS are
directly related to the catalytic properties of a catalyst material.!**® An increase in the average
energy of the filled orbitals may help explain an order of magnitude increase in coking rate for
high temperature alkane dehydrogenation with decreasing nanoparticle size.** As the energy of the
orbitals increases, Pt forms stronger bonds with adsorbates, making it more difficult for species to
desorb, which leads to the formation of deeply dehydrogenated species.'*!>° Just as nanoparticle
size can impact selectivity, the size of the nanoparticle can affect the rate of reaction by more than

an order of magnitude.?’

5. Conclusions

This study has synthesized and characterized a series of Pt nanoparticle samples supported
on Si0O; typical of a Pt catalyst material. Using TEM and EXAFS, nanoparticles ranging from 2
nm to 5 nm were quantified with a dispersion ranging from 0% (Pt foil) 50% (small nanoparticle
sample). It was found, using VtC-XES at the BNL NSLS-II 8-ID beamline, that the d-band center
and leading edge (near - HOMO) density both shift to higher energy with decreasing nanoparticle
size. The assessed changes correlate well with the proportion of surface atoms to bulk atoms,
pointing to the conclusion that undercoordinated Pt atoms have a different electronic structure than
bulk atoms. Differences in the electronic structure may affect rates and selectivity in certain
reaction systems by affecting the heat of adsorption/desorption of reactants and products, thereby
emphasizing certain pathways or mitigating others. Developments in synchrotron and X-ray
detector technology have enabled the resolution of small changes to the d-DOS of Pt atoms in a
catalyst material. VtC-XES is a capable technique that is element-specific, can be used for in-situ
or in-operando experiments, and can be used to explain and predict performance of catalyst sites

for a variety of reactions. The technique is becoming increasingly available to users at BNL and
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across the world, and hopes to enhance catalyst characterization capabilities to obtain unparalleled

insights into catalyst materials.
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Supporting Information

The lattice strain for surface, subsurface, and bulk atoms of Pt-314 is calculated. The x-, y-, and
z-components of strain for the surface, subsurface, and bulk atoms of Pt (designed in the
nanoparticle in Figure S1) are calculated and tabulated in Table S1, Table S2, and Table S3.

The strain (¢;;) for a bond between two atoms having a bond length of a;; in a lattice with a

lattice constant of ap; is calculated as follows:

The components of strain are calculated as follows:
e = €;5(cos(Byy ) + sin(by,))
& = ey (sin(6,y) + cos(6y.))
ef; = €;;(cos(6y,) + sin(6,,))

Where 0, 0,,,, 0, represent the angles made by the bonds with the x-axis (in the xy plane), y-
axis (in the yz-plane), z-axis (in the xz-plane) respectively.
From the tabulated values of strain, it is evident that the sub-surface atom experiences an

unusually large magnitude of compressive strain (~47%) in the axial (or x-) direction, which

neither the surface nor the bulk atom experience.

Surface atom

Sub-surface
atom

Bulk atom

Figure S1: Cross section of the Pt-314 nanoparticle with the surface, sub-surface, and bulk

atoms annotated.
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Table S1: Bond lengths and angles for bonds of the surface atom with its 8 neighbors and

calculated strains.

a;d) | 05, | 6,,) | 6,00 | € € € €j
2.75 90.0 45.0 0.0 -0.024 0.000 | -0.041 | -0.016
2.75 90.0 45.0 0.0 -0.024 0.000 | -0.041 | -0.016
2.75 90.0 45.0 0.0 -0.024 0.000 | -0.041 | -0.016
Surface | 2.75 90.0 45.0 0.0 -0.024 | 0.000 | -0.041 | -0.016
atom 2.83 0.0 90.0 45.7 0.001 0.002 0.000 0.001
2.83 0.0 90.0 45.7 0.001 0.002 0.001 0.001
2.83 44.3 0.0 90.0 0.001 0.002 0.002 0.000
2.83 44.3 0.0 90.0 0.001 0.002 0.001 0.000
Net strain 0.010 -0.160 | -0.062

Table 2: Bond lengths and angles for bonds of the sub-surface atom with its 12 neighbors and

calculated strains.

a;(A) | 05 | 6,,(0) | 0,,(® €ij €ij €ij €ij

289 | 900 | 450 0.0 0.025 | 0.000 | 0.042 | 0.018

289 | 900 | 450 0.0 0.025 | 0.000 | 0.042 | 0.018

cup. | 289 | 900 | 450 0.0 0.025 | 0.000 | 0.042 | 0.018
Surface | 2.89 | 90.0 | 45.0 0.0 0.025 | 0.000 | 0.042 | 0.018
atom 7 2g 0.0 90.0 43.8 | -0.023 | -0.039 | 0.000 | -0.023
2.76 0.0 90.0 438 | -0.023 | -0.039 | 0.000 | -0.023

2.69 0.0 90.0 42.8 | -0.047 | -0.079 | 0.000 | -0.047
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2.69 0.0 90.0 42.8 -0.047 | -0.079 | 0.000 | -0.047
2.69 47.2 0.0 90.0 -0.047 | -0.079 | -0.081 | 0.000
2.69 47.2 0.0 90.0 -0.047 | -0.079 | -0.081 | 0.000
2.76 46.2 0.0 90.0 -0.023 | -0.039 | -0.040 | 0.000
2.76 46.2 0.0 90.0 -0.023 | -0.039 | -0.040 | 0.000

Net strain -0.472 | -0.074 | -0.068

Table S3: Bond lengths and angles for bonds of the bulk atom with its 12 neighbors and

calculated strains.

ayA) | 05() | 6, | 0,() | €& | € | € | €
2.79 90.0 45.0 0.0 -0.010 | 0.000 | -0.017 | -0.007
2.79 90.0 45.0 0.0 -0.010 | 0.000 | -0.017 | -0.007
2.79 90.0 45.0 0.0 -0.010 | 0.000 | -0.017 | -0.007
2.79 90.0 45.0 0.0 -0.010 | 0.000 | -0.017 | -0.007
2.82 0.0 90.0 45.0 0.000 0.000 | 0.000 | 0.000
Bulk 2.82 0.0 90.0 45.0 0.000 0.000 | 0.000 | 0.000
atom 2.79 0.0 90.0 44.5 -0.011 | -0.019 | 0.000 | -0.011
2.79 0.0 90.0 44.5 -0.011 | -0.019 | 0.000 | -0.011
2.82 45.0 0.0 90.0 0.000 0.000 | 0.000 | 0.000
2.82 45.0 0.0 90.0 0.000 0.000 | 0.000 | 0.000
2.79 45.5 0.0 90.0 -0.011 | -0.019 | -0.019 | 0.000
2.79 45.5 0.0 90.0 -0.011 | -0.019 | -0.019 | 0.000
Net strain -0.076 | -0.106 | -0.050
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