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Abstract Synchrotron spectroscopy and density functional theory (DFT) are combined to develop a new descriptor for the
stability of adsorbed chemical intermediates on metal alloy surfaces. This descriptor probes the separation of occupied and
unoccupied d electron density in platinum and is related to shifts in Resonant Inelastic X-ray Scattering (RIXS) signals.
Simulated and experimental spectroscopy are directly compared to show that the promoter metal identity controls the orbital
shifts in platinum electronic structure. The associated RIXS features are correlated with the differences in the band centers of
the occupied and unoccupied d bands, providing chemical intuition for the alloy ligand effect and providing a connection to
traditional descriptions of chemisorption. The ready accessibility of this descriptor to both DFT calculations and experimental
spectroscopy, and its connection to chemisorption, allow for deeper connections between theory and characterization in the

discovery of new catalysts.

Introduction

Intermetallic alloys with crystallographically
distributed metal atoms are a promising subset of
heterogeneous catalysts to investigate the electronic
structure modification of active sites. For example,
platinum electron bands have been tuned by synthesizing
subsurface transition metal alloys,'? dilute single site
alloys,** and polycrystalline alloys”® for more reactive and
selective catalytic conversions. The well-defined active sites
of intermetallics®-!? are amenable to computational studies
that distinguish electronic structure changes. Platinum
intermetallic alloys with various 3d metals have been
reported in the literature,!? in particular Pt;Ti and Pt3V,!314
Pt3Cr,'> Pt;Mn, ! PtZn,'”18 and PtFe,'® among others?’. Many
of these catalysts are relevant for chemistries such as
dehydrogenation,?0-22 hydrogenation,?3-25 and
methanation.?%?” Dehydrogenation to produce olefins is of
particular interest as the availability of shale gas has driven
interest in new technologies to produce fuels and valuable
chemicals from low molecular weight alkanes such as
methane, ethane, and propane?®?° using catalysis. While
intermetallics are of interest for heterogeneous catalysis,
there is no unified chemical model to predict how
modification of the Pt electronic structure affects reactivity
and selectivity.

Many features of alloy catalysts were introduced
by Sinfelt, Carter, and Yates who showed that alloying nickel
with copper breaks up nickel ensembles, reducing the rate
of hydrogenolysis without changing the rate of
dehydrogenation.33! The sensitivity of heterogeneous
reactions to catalyst surface structure has been used to
control catalyst selectivity by preventing unselective C-C
bond cleavage with different promoter metals and

structures3? that are also implicated in deactivation
mechanisms.?® For example, the geometric effects of Sn
incorporation in Pt-Sn catalysts have been the topic of much
interest experimentally3*-3¢ and with Density Functional
Theory (DFT).3738 Previous reports have shown that
electronic effects in alloys can manifest through a variety of
functions including ligand effects, strain, and charge
transfer3®-41 making a combination of investigative
techniques necessary to determine the dominant effect of
the promoter metal.

One of the most successful models to correlate
electronic structure and chemisorption on catalytic
surfaces is the d-band model developed by Hammer and
Ngrskov.#>-45 The d-band model approximates the Newns-
Anderson model“® that relates the adsorption energies of
reactive intermediates to the density of metal d electron
states. This model has been widely used to understand the
alloying effect of subsurface promoter metals! and
intermetallic compounds.*’” Physical measurement of d
bands require ultraviolet photoemission spectroscopy’
(UPS) or high resolution X-ray photoelectron
spectroscopy*® (XPS) on single crystals in ultrahigh vacuum
(UHV). However, a new spectroscopic technique, resonant
inelastic X-ray scattering*®-5! (RIXS), has been applied to
transition metal nanoparticles,>>%3 solvated organometallic
complexes,> and Fe ions in the oxyhemoglobin protein®® to
interpret shifts in metal valence band d states. We have
previously reported on the electronic shift of valence
orbitals for platinum alloyed with Zn,'® as well as varying
compositions of intermetallic PtFe alloys.'® We and others
have previously reported on computational approaches to
model RIXS'81952 that show the spectroscopy can be
directly compared with simulations. RIXS can therefore
directly link experimental signatures with simulations to
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directly describe the electronic effect of alloy formation in
heterogeneous catalysis.

In this work, we compare RIXS spectroscopy
signatures for a family of platinum intermetallics to
highlight how promoter identity tunes Pt electronic
structure. These experiments provide direct evidence that
the separation of Pt bands is due to electronic interactions
between Pt and the promoter. DFT simulations are
quantitatively compared to the experimentally measured
chemical shifts and provide physical intuition to promoter
effects. We find that the RIXS energy transfer directly
correlates with the separation in the occupied and
unoccupied d-band densities of state of platinum. The Pt d
states are still continuous across the Fermi level, but the
occupied and unoccupied states have peaked distributions.
Armed with this intuition, we propose the use of the RIXS
energy transfer as a descriptor for carbon adsorption,
which is closely related to product selectivity for a variety
of alkane chemistries, on bimetallic surfaces. We conclude
that alloys with larger Pt band separation destabilize
unsaturated carbon intermediates to a greater degree than
for more saturated carbon intermediates, providing a
fundamental electronic structure-based description of
selectivity trends in alkane chemistry on transition metal
surfaces.

Methods
RIXS

RIXS spectra were collected on the MRCAT
insertion device (10ID) line of the Advanced Photon Source,
Argonne National Laboratory. The silica supported catalyst
was ground to a fine powder and pressed into a self-
supporting wafer inside of a stainless steel sample holder.
Sample treatment was performed in a purpose-built in-situ
cell capable of heating and gas flow, described elsewhere®2.
Collection of transmission X-ray absorption and fluorescent
X-ray Emission spectra was made possible by three kapton
windows in the cell. Samples were reduced at 550°C in 3.5%
H, (balance He) for 30 minutes and then cooled to 100°C in
3.5% H; (balance He) for measurement.

Prior to measurements, the monochromator
energy was calibrated using platinum foil, with an edge
energy of 11562.76 eV®3; a foil spectrum was also recorded
simultaneously with each sample using a third ion chamber.
During RIXS measurements, the X-ray beam was
microfocused using a set of Kirkpatric-Baez mirrors. X-ray
Absorption at the Pt L; edge was measured using a set of ion
chambers, with uncertainties in the incident photon
energies estimated to be ~0.1-0.2 eV. The L35 (L3-O45) X-ray
emission line was measured using a bent crystal
spectrometert*. The wavelength dispersive spectrometer
was based on a bent silicon crystal. Fluoresced X-rays were
detected using a Pilatus 100K (Dectris) 2D pixel array
detector. The analyzer crystal used was a 55-um thick Si
(400) wafer cylindrically bent with an approximate bend
radius of 0.5 m. X-rays were scattered from the Si(133)
plane with a calculated asymmetry angle of 13.76°. The
crystal analyzer was declined 20° from the sample
horizontal to allow enough elastically scattered X-rays
through the analyzer that the fluorescence energy scale
could be calibrated based on the elastic scattering peak
position. The intensity of the elastically scattered peak was
approximately 5 times that of the inelastic scattering peak.
RIXS maps were then plotted as fluorescence intensity

maps as a function of incident photon energy (abssica) and
emission energy relative to the elastic scattering peak
(ordinate), hereafter termed energy transfer, with the
elastic scattering maximum corresponding to 0 energy
transfer. The elastic scattering peak was subtracted from
the RIXS maps by fitting a Gaussian curve to the truncated
data, using a fixed value for the full width at half maximum
(FWHM) and peak position per sample, and a linearly
varying amplitude with incident photon energy to account
for beam polarization changing the elastic scattering
amplitude as a function of emission angle. The emission
intensity scale was normalized per sample relative to the
maximum intensity point of the inelastic scattering peak.
Inelastic peak centroids were found by fitting a 2D
quadratic function about a 2eV by 2eV fit window centered
at the maximum intensity position using the centroids
utility in the Photutils phyton package.®5 This localized
fitting approach gave centroid values least sensitive to the
non-resonant tail of the RIXS plane, which was more
pronounced for samples with higher Pt loading.

Density Functional Theory Calculations

Density Functional Theory (DFT) -calculations
were performed using the Vienna Ab Initio Simulation
Package (VASP)%6-%° using the Projector Augmented Wave
pseudopotentials’®’t. The PBE exchange and correlation
functional’?, which has been extensively benchmarked for
the treatment of metals was used for all calculations?3.
Lattice constants for pure Pt, as well as each of the alloys
were optimized using a 600 eV energy cutoff, a 10x10x10
gamma centered k point grid, and Methfessel-Paxton
smearing. Lattice constants were converged to a force
criterion of 20 meV / A. All calculations are performed spin-
polarized with initial magnetic moments specified to ensure
the magnetic moments correspond to the lowest energy
structure. Converged lattice constants for the full suite of
alloys is provided in the S.4.3.

Surface slabs were cut from each bulk according to
their closest packed termination. For all Pt3X compositions
a (111) surface was chosen based on the FCC structure of
each bulk. PtZn has a body centered tetragonal unit cell, in
which the (011) surface has the highest packing density
and is chosen for modeling. All surfaces used were 2x2
surface atoms, and 5 layers with 10 A of vacuum. The
bottom 2 layers were constrained to mimic an underlying
bulk, while the top 3 layers could relax to a force criterion
of 20 meV / A. The dipole parallel to the vacuum was
corrected. A 7x7x1 Gamma centered k point grid was used
with Methfessel-Paxton smearing.

The Density of States (DOS) for bulk and surfaces
were calculated using the standard VASP projectors. For
bulk, the DOS of each Pt atom was averaged along with the
up and down spin channel. For surface slabs, only the
topmost Pt atoms were averaged along with their up and
down spin channels. For bulk, the DOS was calculated using
a denser k-point grid of 15x15x15. For surfaces, 15x15x1 k
point grids were used.

Moments about the d-band were performed by
first normalizing the total density and shifting the Fermi
level to 0. All moments were calculated with an upper cutoff
of +5 eV above the Fermi energy, to neglect contributions
from small but nonzero densities at higher energies beyond
the d-band. To account for particle size effects, the relative
number of surface and bulk metal atoms was estimated
using the relation D ~ 0.9/d where D is the dispersion
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expressed as the ration of surface to bulk atoms, and d is the
particle size in nm, was used and a weighted average of bulk
and surface Pt atoms was constructed for a given particle
size74,

Adsorption of model compounds was performed at
the same level of theory as DOS calculations to provide a
consistent comparison between electronic structure and
adsorption energy. Adsorption energies of each CH,
intermediate is referenced to a stoichiometric balance of
methane and molecular hydrogen according to the
following relation:

(4—x)

Eqas = (Echxs+ + T2 Hz(g)) - (E* + ECH4(9)) (eq2)
Where x denotes the number of hydrogens in the adsorbate
molecule. Gas phase calculations were performed in a 8 A
by 9 A by 10 A periodic box with a cutoff energy of 450 eV,
a single gamma k-point and the same force convergence
criteria as used for the bulk.

RIXS Modeling Calculations

RIXS energy planes were calculated using the d-
projected DOS (from here denoted as pDOS). The general
expression used has been used previously’®4>52 and is
shown in equation 3:

F(Qw) = f{wdsw (eq 3)

(e —w)* + Tn

Where F is the emitted intensity expressed in terms of the
incident energy £, and the emission energy . The energy
transferred is expressed as AE = Q —w. The pDOS of the
occupied (below the Fermi level) and unoccupied (above
the Fermi level) are pq and p4'. The broadening of the core
hole, I'y is taken to be 5.41 eV37. The energy of a given state
is € which is used as an integration index. For each £ and
w, the range of accessible states in the second term of the
numerator implicitly changes the range of the integral,
while each specific emission energy @ shifts the range at
which spectral broadening is apparent. Effectively, the
intensity is a convolution of the occupied and unoccupied d-
states governed by the constraints imposed by the incident
and emitted energy for accessible transitions broadened by
the core hole. The integral was solved on a grid ranging
from -4 eV to 10 eV relative to the Fermi energy in £, and 0
to 14 eV in AE. This was solved using a code written in
Python. High intensity peak identification was performed
differently than we have reported before. Instead of
reporting the point of highest intensity, a 2-D Gaussian
function is fitted to the entire high intensity region to
extract a mean value. This is less sensitive to sharp details
in the DOS which cause non-uniform fluctuations in the
broad high-intensity RIXS peak. For a more detailed
discussion see S.2.6.

Results and Discussion

The particle size, phase composition, and phase
purity of Pt;V, Pt;Mn, Pt;Fe, Pt;Co, and Pt;In, have been
described previously.!416195657 The Pt L; edge X-ray
absorption near edge structure (XANES) and L3-O45 RIXS
planes for PtZn and Pt3V are reproduced from references '8
and * respectively, with some improvements in RIXS data
reduction described in the methods section. The Pt-Ga
catalyst was determined to be Pt3Ga, with details of the
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characterization given in Supplementary Information
section S.2.1.

RIXS plots of Pt, Pt3V, Pt;Mn, Pt3Co, Pt3In and Pt;Ga
nanoparticles are shown in Figure 1. RIXS maps are plotted
as intensity maps as a function of the incident photon
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Figure 1: RIXS plots of Pt and Pt alloy catalysts after reduction
at 550°C in 3.5% H.,.

energy on the horizontal axis, and the fluoresced photon
energy relative to the elastic scattering energy, termed
energy transfer, on the vertical axis. The plotted intensity is
that of the fluoresced X-rays resulting from scattering.
Elastic scattering occurs when the excited 2ps,, electron
decays back into its own core hole. Inelastic scattering
occurs when an electron other than the excited 2ps,
electron decays back into the core hole. For the alloy
samples, energy transfer maxima are reported for Pt alloys
with V, Mn, Fe, Co, Ga, In, Fe, and Zn (Table 1); results for
alloys with Cu and Sn, however, are not included, since
these alloys could not be made ordered and phase pure with
our synthesis procedures, thus complicating direct
comparisons with theory. The energy transfer maxima are
seen to be shifted to higher values, meaning the energies of
both the filled and unfilled states further separate in the
alloys while still maintaining metallic character. The shape
of the inelastic scattering peak also changes, which reflects
the changing distribution of energy states in each alloy
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phase. As the incident photon energy increases past the L;
absorption edge, the resonant enhancement of the Lfs
fluorescence mode decays and non-resonant scattering
leads to a low intensity tail which increases in energy
transfer with incident photon energy.

Table 1: Energy transfer maximum values and Pt L3
edge XANES edge energies for Pt and Pt alloy phases.

Phase Energy XANES Edge Energy
Transfer (eV) (eV)

Pt 2.8 11562.76
Pt;V 3.3 11563.3
Pt;Mn 3.4 11563.1
Pt;Fe 3.4 11563.0
Pt;Co 3.4 11563.4
Pt;Ga 4.3 11563.6
Pt;In 4.0 11563.6
PtFel? 3.6 11563.2
PtFe;!? 3.9 11563.4
PtZn® 4.4 11563.6

The energy transfer values for the platinum alloys
with post transition metals (In, Ga, Zn) are larger than those
alloys with 3d elements. This is even true for Pt;In and Pt;Ga
alloys, where Pt has the same number of Pt-to-promoter
bonds as in the other Pt3M alloys measured. For the Ptalloys
with 3d metals, however, all measured materials have
similar energy transfer values. In all cases, the energy
transfer relative to platinum is larger in magnitude than the
difference in XANES edge energy relative to platinum,
demonstrating that in all structures the average energy of
the 5d filled states decreases in energy as the energy of the
XANES increases.

The RIXS measurements indicate that not only do
Pt d energies shift upon alloy formation, but the magnitude
of these shifts depends on the choice of promoter metal.
RIXS features provide limited chemical intuition about what
to expect for adsorption onto each alloy, and consequently
their catalytic properties. Linking RIXS to chemisorption
would permit development of a RIXS-based descriptor for
surface chemistry that would, in turn, introduce an
experimentally accessible electronic structure screening
tool for catalyst reactivity. DFT simulations are a powerful
tool for relating chemisorption to electronic properties, and
DFT can also simulate RIXS spectra. We will first show that
DFT can describe the experimental RIXS shifts, and we will
then exploit the computational results to develop a
descriptor for adsorption based on the RIXS energy transfer
that can, in turn, be experimentally measured.

The d-DOS across a range of metal promoters (the
full range of 12 promoters available in S.3.4) is shown in
Figure 2. Nanoparticle dispersions were approximated by
averaging bulk and surface atoms as described in S.2.4.
Platinum d-DOS with half-filled d band promoters, such as
Mn and Co, form intermetallic alloys with Pt that have a
broader range in occupied d states than early transition
metals such as V or late transition metals such as Cu. The
half d-filled promoters do not significantly shift the Pt d-
band center relative to Pt (-0.07 eV and 0.07 eV for Pt in

Pt;Mn and Pt3Co) showing a similar electronic structure for
pure Pt and Pt alloyed with half-filled d-band promoters.

Pt;Mn has a unique feature at ~2 eV above the
Fermi energy distinct from Pt with relative position
insensitive to particle dispersion. A similar, though smaller
peak is observed for Pt;Cu closer to ~2.5 eV. These higher
energy unoccupied states are not unique to the half-filled d
promoters but observed for all alloys at varying position in
intensity. In the case of Pt in Pt;V, Pt3Ga, and Pt3Sn; the peak
intensity and position changes with particle dispersion,
indicating chemical interactions with surface Pt atoms that
are dependent on promoter choice. Finally, we note that the
strongly peaked distributions of Pt;V, Pt;Ga, and Pt;Sn have

PtV Pt,Mn

DOS\a.u.
DOS / a.u.

400 75 S0 25 00 25 50 00 75 50 25 00 25 50
Energy - Ererm/ 8V Energy - Erarmi/ 8V

DOS [ a.u.
DOS /a.u.

-100 -15 -50 25 0o 25 5.0 -100 -5 50 -25 oo 25 50

<100 75 50 25 0.0 25 5.0 100 76 60 26 0.0 25 50
Energy - Eyym/ 8V Energy - Eqrmi/ 8V

Figure 2. Projected density of state (DOS) of Pt bulk and
surface atoms in intermetallic alloys. The DOS are plotted
for increasing dispersion from 0% (red), 30% (yellow),
45% (green), 60% (cyan), and 100% (blue). Pure Pt is
shown in black. The 6 other intermetallics considered can
be found in the Supplementary information S.3.4.

larger d-band center shifts (-0.29 eV, 0.14 eV, 0.14 eV) as
compared to pure Pt, reflecting the perturbation in Pt
density of states by electronic interaction with promoter
metals, as the geometry of each surface (except for PtZn) is
dominated by (111) facets. We have found these shifts to
not be the result of fractional charge effects or strain effects
on the Pt lattice, as discussed in S.2.5.

From dispersion corrected DOS plots, simulated
RIXS plots were constructed to evaluate the accuracy to
which shifts in the high intensity peak can be described by
simulated DOS across the range of 12 promoters. RIXS
peaks were fitted to a 2-D Gaussian function as described in
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S.2.6. To facilitate the comparison between Pt in simulated
alloys as compared to simulated pure Pt, Figure 3 is
arranged to show difference RIXS plots for the same subset
of intermetallics as shown in Figure 2. We found the work
functions of each Pt surface to be similar, validating the use
of the Fermi edge as the reference state for the simulated
RIXS functions as discussed in S.2.7. Early transition metals
such as V and Mn have a well-defined shift in intensity from

) PtV k&& : Pt;Mn &

Energy transfer AE / eV
Energy transfer AE / eV

Energy transfer AE / eV
Energy transfer AE / eV
Intensity / a.u

0 -4 -2 0 2 4 6 ] 10

Incident energy O/ eV Incident energy Q / eV

(A |

Energy transfer AE / eV
Energy transfer AE / eV

Incident energy £ / eV Incident energy 0/ eV

Figure 3. Simulated difference RIXS plots for a subset of the
intermetallics. Each plot is shown at 45% dispersion,
relative to a similar 45% dispersion pure Pt particle. The 6
other intermetallics considered can be found in the
Supplementary information S.3.6.

approximately 0.5 eV incident energy and 0.5 eV energy
transfer for Mn to nearly 1.75 eV incident energy and 4 eV
energy transfer for V. This contrasts with late transition
metals like Co and Cu where the shifts have lower intensity,
indicating greater similarity to pure Pt. The shift to higher
incident and transfer energies is also observed by late
transition metals. The post-transition metals Ga and Sn
have more intense transitions than late transition metals,
with a shift to higher incident and transfer energies.

Simulated and experimental RIXS spectra for each
bimetallic relative to pure Pt were compared according to
the shift in high intensity peak for incident energy and
energy transfer. These results are shown in Figure 4. The
incident energy peak maximum decreases with filling of the
d-band up until PtZn where the d-band fills, and the incident
energy maxima are larger. PtZn and the post-transition
metal promoters Ga and In have similar incident energy
maxima, but the incident energy maximum of Sn is lower by
nearly 0.4 eV. The agreement with experiment (the mean
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absolute error - MAE - of predicted RIXS incident energies
is 0.22 eV, with a 0.25 eV MAE for the energy transfer) is
quite striking, considering the challenges inherent in
convoluting occupied and unoccupied states using GGA
level DFT for an excitation process. Some plausible
explanations for this agreement are that the RIXS process
only includes states close to the Fermi energy, where the
one electron GGA wavefunctions are still reasonable, as
opposed to simulations of XANES where the inclusion of
high energy states causes the one-electron density to fail
when electrons localize. In comparison to XPS, core-hole
effects are reduced in RIXS simulations, as a valence d-
electron fills the core state; so the final state only involves a
hole in the valence states as opposed to XPS where the hole
is in a core state. Finally, shifts are reported relative to a
reference (pure Pt) which may fortuitously cancel some of
the intrinsic DFT errors and magnify the more salient
structural changes in the d-DOS. Changing particle size from
1.5 nm to 3 nm in the simulations has a relatively small
effect in incident energies (largest being Pt;Sn with a size
effect of ~0.2 eV), which reflect changes in the d-DOS with
dispersion as shown in Figure 2. For RIXS energy transfer,
however, the effect of particle dispersion is significantly
larger, which as discussed in S.2.8 may be the result of strain
in the relative difference between occupied and unoccupied
d states.

The strong correlations between experimental and
simulated RIXS indicate a deeper connection between
spectra and the near-edge Pt d states that govern the
transitions. We propose, in turn, that developing
correlations between RIXS features and the d band will be
useful, because the most successful theories for
chemisorption are also related to the d band. One can then
envision relating RIXS to chemisorption by using the
existing d-band theories as an intermediate descriptor.

We first connect RIXS to the d band theory. To
simplify the RIXS analysis, the core-hole broadening term of
the RIXS equation was set to unity such that

0 pa(&)pd (e +Q—w)
F(Qw) = f_deW (eq1)

Where F is the intensity at a given incident (£2), or emitted
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Figure 4. Direct comparison of simulated RIXS spectra from
DFT calculated Pt d-DOS (red) and experimental RIXS
spectra (black). Error bars correspond to 30%-100%
dispersion with 45% dispersion plotted.

(w) energy. pq are the occupied d states while pq are
unoccupied d states. Calculated energy transfer maxima
differed on average by 0.02 eV, simplifying the
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interpretation but maintaining a similar energy maximum.
Changes in the core-hole broadening term; however,
change the shape and dispersion of the simulated RIXS
distribution, which would be important when fitting
parameters away from the maximum value. From
inspection of the RIXS equation (eq 1) that includes the
convolution of occupied and unoccupied d states, we invoke
a similar approximation as the Hammer and Ngrskov d-
band theory*>** by approximating the full range of inter-
band interactions by delta functions at the center of the
occupied and unoccupied bands (i.e. replacing the full
distribution by the occupied and unoccupied d-band
centers).

Remarkably, the relative difference between
unoccupied and occupied d bands described above is
linearly correlated to the RIXS energy transfer feature with
a MAE less than 0.1 eV (Figure 5a) for various Pt
intermetallics. Thus, the RIXS energy transfer (either
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In light alkane dehydrogenation, studies of catalyst
deactivation have drawn considerable attention
recently?”58 where the stability of atomic carbon (C),
methylidine (CH), and ethylidine (CCH3;) have been
discussed as the products of C-C bond cleavage in propane
dehydrogenation that irreversibly bond to Pt surfaces and
result in deactivation.’® We show that the stability of these
coke precursors (CHs, CH, CH, C, and CCHs3) can be
predicted using our newly developed RIXS descriptor. As
adsorption is a surface process, the approximate
nanoparticle models used to find correlations with
experimental spectra will be replaced by RIXS spectra of the
surface Pt atoms in the alloy, derived from the 100%
dispersion DOS in Figure 2. Thus, all d bands and RIXS
spectra will be of only surface Pt atoms in the slab.

The relation between the simulated RIXS energy
transfer and adsorption is provided in Figure 5b, where
strong correlation with the adsorption of carbon

Pt-X
C* MAE 0.06 eV ’
1 CH*MAE 0.14 eV
CH,* MAE 0.05 eV 7 e
1.0 { CH;* MAE 0.03 eV .~ 6’

Fe ’/. L

0.0 02 04 06 08 1.0 1.2 1.4
Calculated RIXS AE/ eV

Figure 5. A) Correlation between simulated RIXS energy transfer and d separation descriptor across all 2 nm bimetallic
particles relative to pure Pt. B) (C, CH, CH,, CH3) energies, and calculated RIXS AE, for the range of Pt-X bimetallics relative to
pure Pt. The analysis corresponds to pure surface RIXS (100% dispersion). C) Relative binding energy of C* and CHs*,
referenced to pure Pt, for the range of Pt-X bimetallics. D) Representative adsorption sites on a (111) surface. A complete set
of images can be found in S.3.8 and S.3.9. Note that PtZn(011) is not included in these correlations, as it has a different

composition and surface termination.

simulated or measured), to first order, measures the
separation of unoccupied and occupied d states. We can
now validate that this new descriptor (unoccupied -
occupied d center) also predicts chemisorption. This
descriptor is effectively an additional parameter to the
traditional d band model, and it is plausible to expect
correlations with chemisorption. As a test system, we will
consider carbon-containing intermediates relevant to non-
oxidative dehydrogenation of alkanes to olefins.

intermediates is observed. The 4d post-transition metal
promoters are excluded from this relation, due to their
exerted tensile strain; however, Ga has been included. Also,
due to its tetragonal unit cell structure, the closest-packed
surface for PtZn is (011), where adsorbates have a unique
coordination number as compared to the (111) surfaces; so
this element is likewise not included in the correlation. The
energy transfer predicted for surface In and Sn promoters
is negative relative to platinum, -0.07 eV and -0.22 eV,
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respectively. This would indicate occupied and unoccupied
band centers of these promoters are in fact closer than they
are for surface Pt atoms. However, the adsorption of C with
In and Sn promoters is weaker than pure Pt, 0.48 eV and
0.96 eV respectively, which cannot be explained by the
theories presented here. This discrepancy is likely related
to the fact that Sn and In are post-transition metals, and so
arguments based on d-band filling and densities of state are
not directly applicable. We have examined the effect of
strain on the adsorption of each intermediate (S.2.11)
indicating that while strain does influence the adsorption of
atomic carbon and CH, the predominant effect is electronic.
The 4d post-transition promoters are significantly larger
than the 3d post-transition metals, and the method of
bonding may differ from the 3d metals. We hope this
encourages future RIXS studies for the 4d metals. For 3d
transition metals and Ga, a visible correlation between
calculated RIXS energy transfer and adsorption is apparent.
Mean absolute errors are largest for CH (0.14 eV) while the
correlation with other adsorbates are on the order of 0.06
eV. The larger errors in CH are due to the influence of
oxophilic promoter metals in perturbing adsorption sites.
Figure S.3.10. constrains the position of CH for Ti and V
promoters to the same sites as the other alloys, which
reduces the MAE to 0.10 eV. The adsorption of atomic
carbon has been traditionally difficult to predict due to its
propensity to form multiple strong bonds to the surface,
and we have benchmarked our descriptor against other
traditional descriptors, such as the modified d band center
(center and width),®® kurtosis, and skewness, as well as
comparisons with the simplified occupied and unoccupied
d states and the Hilbert transform maximum.*” We found
the usage of the RIXS convolution has a MAE lower than any
of the previous descriptors for atomic carbon (S.2.10).

The RIXS descriptor, in conjunction with scaling
relationships®! and Brgnsted-Evans-Polanyi relationships,
enable deeper correlations to be established between RIXS
and reaction kinetics. Scaling relationships correlate the
adsorption energies of similar adsorbates, reducing the
space of DFT simulations required to map the energetics of
a reaction network. Brgnsted-Evans-Polanyi relationships
can be combined with scaling relationships to obtain the
transition state energies across different catalysts. Because
the RIXS descriptor correlates with the adsorption of
carbon intermediates, it would be possible in principle to
develop a correlation between the RIXS descriptor and a
kinetic barrier. We have established scaling relationships
between carbon containing intermediates in S.2.11 to
demonstrate the scaling facet of these relationships. We can
also look at different combinations of these descriptors. For
example, the stability of CH3; groups do not change
significantly across the range of promoters examined. More
unsaturated intermediates that interact strongly with the
surface and subsurface, such as C and CH, have binding
energies that vary by up to nearly 1.4 eV in comparison to
pure Pt. This dramatic tunability is attractive for catalysis,
where in this case we seek to maintain the dehydrogenation
rate while preventing deactivation. Regardless of the
promoter we choose, the CH; adsorption energy, which
could be a proxy for the initial CH bond activation in a
dehydration mechanism, is not perturbed. We do find,
however, that the stability of coke precursors C and CH are
significantly affected by the separation of Pt d states. The
difference in the adsorption energies of C and CH; can be
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linearly correlated with the RIXS descriptor (Figure 5c)
where catalysts with a larger d separation destabilize C to a
greater degree than CH;. Continuing the example of
dehydrogenation, this could manifest as catalysts with
greater d separation having a similar dehydrogenation rate
as those with less d separation, but a slower C-C scission
rate due to the reduced stability of atomic carbon?®.

While the set of adsorbates chosen in this study are
limited to single carbon atom intermediates, we can
highlight how these relationships are related to larger
adsorbates with similar adsorption moieties. Figure S.3.14
describes the relationship between adsorption of CH and
CCH3, both relevant coking precursor molecules.’® The
scaling relationship between these species has a slope of 1,
as both molecules bind through a similarly
undercoordinated carbon center. All the promoter metals,
including the 4d post-transition metals Sn and In, as well as
the 1:1 PtZn bimetallic fall on the same relationship, as CH
and CCH; adsorb at the same sites, producing a constant
slope.

The RIXS descriptor has broad applicability
because it can be calculated through DFT or measured
directly by experiment where the valence electrons
involved in catalysis are included. By building the
descriptor from the spectroscopy, it is possible to develop
structure-function relationships with experimental
measurements without the need for calculating parameters
with DFT. Of course, measuring RIXS spectra for many
catalysts may be intractable, and for high throughput
screening a DFT calculated RIXS descriptor would be easier
to implement. One could also imagine tiered approaches to
catalyst design where first a wide range of bimetallics with
different compositions and promoters are explored
computationally, and those with larger d separations could
be evaluated with experimental measurements, and a final
subset of the most promising materials would be subjected
to rigorous kinetic and deactivation tests. The internal loop
between experimental and simulated RIXS would provide
an internal check that simulated materials have physically
realizable electronic  configurations, which could
dramatically reduce the false-positive rate of any
exploratory catalyst design project.

Conclusions

The role of promoter metal identity in alloys for
heterogeneous catalysis has been a topic of fundamental
importance since the work of Sinfelt and coworkers. In this
contribution, we have shown how new developments in
RIXS spectroscopy have introduced new avenues for
understanding how catalyst electronic states are tuned by
judicious promoter choice. The specific physics of the
spectroscopy, which do not include strong core-hole
interactions in the final state, permit DFT theory to develop
experimentally accessible catalyst descriptors. We have
provided fundamental correlations that relate the
measured RIXS energy transfer to moments of the d-band,
and then to chemisorption. These simplified d-band
moments in the style of Hammer and Ngrskov capture the
measured shifts, providing a more intuitive understanding
of Pt d-state changes. This connection may be especially
relevant to studies involving other alloy compositions or
promoter identities.
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By then correlating this new descriptor with
chemisorption, we have shown how the selective
destabilization of unsaturated carbon intermediates can be
understood as the modulation of d-state separation by
promoters. This separation is experimentally accessible
through RIXS spectroscopy and provides direct comparison
with computational studies. By designing descriptors that
are connected to experimental measurements, new
workflows for catalyst design where theory and
characterization are firmly linked using relationships as
described herein can be developed to better identify
exciting materials with desired chemical properties.
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