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ABSTRACT: We demonstrate the synthesis of a Pt3V alloy and
Pt/Pt3V core/shell catalysts, which are highly selective for propane
dehydrogenation. The selectivity is a result of the Pt3V
intermetallic phase, which was characterized by in situ synchrotron
XRD and XAS. Formation of a continuous alloy surface layer 2−3
atomic layers thick was sufficient to obtain identical catalytic
properties between a core−shell and full alloy catalyst, which
demonstrates the length scale over which electronic effects
pertinent to dehydrogenation act. Electronic characterization of
the alloy phase was investigated by using DFT, XPS, XANES, and
RIXS, all of which show a change in the energy of the filled and
unfilled Pt 5d states resulting from Pt−V bonding. The electronic modification leads to a change in the most stable binding site of
hydrocarbon fragments, which bind to V containing ensembles despite the presence of 3-fold Pt ensembles in Pt3V. In addition,
electronic modification destabilizes deeply dehydrogenated species thought to be responsible for hydrogenolysis and coke formation.

KEYWORDS: propane dehydrogenation, dehydrogenation selectivity, Pt3V nanoparticle, intermetallic alloy catalyst,
resonant inelastic X-ray scattering, in situ synchrotron X-ray diffraction, in situ X-ray absorption spectroscopy,
electronic effects in alloy catalysts

■ INTRODUCTION

Alloy catalysts have been extensively studied for many catalytic
reactions due to their improved performance over their
monometallic constituents.1 In particular, alloy catalysts have
seen extensive use for dehydrogenation of light alkanes for the
production of olefins. Monometallic catalysts such as Pt suffer
from low olefin selectivity due high hydrogenolysis activity.2

Industrially, an alloy of Pt and Sn is often used for propane and
butane dehydrogenation and offers improved selectivity and
stability over a Pt only catalyst.3 Interest in alloy catalysts for
on-purpose light alkane dehydrogenation has also been fueled
by decreased supply of propylene due to naphtha crackers
switching to an ethane feedstock and the widespread
production of shale gas which contains a significant fraction
of C2+ alkanes.4 New alloy catalysts with higher selectivity will
allow for more efficient utilization of the C2+ fraction of shale
gas which will increasingly be used in on-purpose dehydrogen-
ation plants. A major goal in the research of alloy catalysts for
dehydrogenation is to understand the electronic and geometric
factors responsible for the increased selectivity to olefins.
The formation of an alloy between Pt and a second

promoter metal leads to changes in the electronic and
structural properties of the catalyst. The electronic effect is
usually explained by extending Hammer and Nørskov’s d-band
theory to alloys, in which the promoter element shifts the d-

band center away from the Fermi energy, leading to a decrease
in binding strength of adsorbates.5,6 Experimentally, it has been
observed that alloy formation with Pt causes a decrease in the
heat of adsorption of alkenes, resulting in the product
desorption pathway becoming more favorable than deep
dehydrogenation and coking.7,8 Density functional theory
(DFT) studies on Pt and Pt−Sn surfaces have come to similar
conclusions.9,10

While the qualitative effect of shifting electronic states with
respect to the Fermi energy is generally agreed upon, other
aspects of how the promoter modifies the electronic properties
of alloys, such as the effect of charge transfer, are still debated.
Spectroscopic changes between pure metals and alloys are
often explained by electron transfer to or from the d-band
driven by electronegativity difference.11−13 An observed
increase in the Pt L3 edge X-ray absorption near edge structure
(XANES) edge energy and decrease in the Pt 4d binding
energy measured by X-ray photoelectron spectroscopy (XPS)
seen in alloys has been interpreted as a donation of electron
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density from the promoter to Pt. The donation of electron
density further fills the d-band, and the shift of the d-band
center and the resulting decrease in the binding strength of
alkenes are cited as being responsible for the improved
selectivity.11,12 While charge partitioning on alloys generally
shows a subunity change in the total number of electrons
between atoms in a pure metal and an alloy, alloys generally
show a negligible change in the d-band filling, which would
preclude electron transfer from significantly modifying
adsorbate bonding.5,14,15 Alternative explanations for the
spectroscopic shifts not involving electron transfer have been
suggested involving broadening of the d-band.16,17 However,
arguments both for and against charge transfer generally rely
on theoretical calculations and a single spectroscopic technique
that indirectly probes the filled valence d-states responsible for
catalysis.
Recently, Cybulskis et al. used resonant inelastic X-ray

scattering (RIXS) spectroscopy to experimentally measure the
energy change of the 5d electrons between Pt and Pt in a
Pt1Zn1 (AuCu structure) alloy.18 They found that alloy
formation with Zn leads to an upward shift in the energy of
the unfilled states and a downward shift in the energy of the
filled state. DFT results showed that the d-band center in
Pt1Zn1 is minimally shifted (∼0.1 eV) relative to Pt. The
change in the energy of the filled and unfilled Pt 5d states was
cited as responsible for observed changes in the turnover rate
(TOR), while isolation of active sites by zinc was responsible
for the increased selectivity.
Regardless of whether electron transfer or changing electron

energy underlie the electronic effect, a Pt alloy with a large d-
band shift should have a large electronic effect and should lead
to improved performance over monometallic Pt. Additionally,
an alloy with a large d-band shift should also show easily
discernible spectroscopic shifts relative to the pure metal,
allowing for unambiguous trends among multiple spectro-
scopic techniques. Pt and V have a larger electronegativity
difference than do other widely studied alloys such as Pt−Sn.
Finally, computational and experimental studies on Pt−V
alloys show large shifts in the d-band center, and thus should
display large changes in the electronic properties of Pt.5,19 Pt−
V alloys, however, have not been previously studied as
dehydrogenation catalysts, possibly because Pt−V alloys are
difficult to synthesize, requiring oxygen free synthesis and
strong reducing agents.20

Herein, we demonstrate that Pt3V nanoparticles significantly
improve selectivity to propylene as compared to unalloyed Pt.
The structural ordering of the nanoparticles is confirmed by in
situ X-ray absorption spectroscopy (XAS) and in situ
synchrotron X-ray diffraction (XRD). The corresponding
changes in the electronic properties are determined by using
DFT, RIXS, XPS, and XANES. DFT calculations demonstrate
that the binding strengths of prototypical intermediates
involved in coking and dehydrogenation decrease appreciably
due to presence of V promoter. Additionally, the electronic
structure of Pt atoms also changes with increasing V
incorporation as evidenced from projected density of states
(pDOS) analysis of Pt d-states. In agreement with DFT, the
XPS, XANES, and RIXS show that the electronic modification
results from a decrease in the energy of the filled Pt 5d orbitals,
rather than due to a change in the number of d-electrons.

■ EXPERIMENTAL SECTION
Catalyst Synthesis. Pt−V catalysts were supported on Davisil

grade 646 silica (35−60 mesh, Sigma-Aldrich) and synthesized by
sequential incipient wetness impregnation. Pt and V loadings are
given in weight percent with respect to the total catalyst mass. V
impregnation to give a 5% V on silica catalyst was done by using a
solution of 1:2 molar ratio of ammonium metavanadate to oxalic acid.
0.574 g of ammonium metavanadate and 0.884 g of oxalic acid
dihydrate were dissolved in 4 mL of Millipore water. The oxalic acid/
ammonium metavanadate solution was heated to 100 °C, refluxed for
1 h, and then added dropwise to 5 g of silica. The impregnated silica
was dried overnight at 125 °C and then calcined at 350 °C for 3 h in
flowing air.

Pt was added to the V−SiO2 by incipient wetness impregnation of a
pH adjusted solution of tetraamine platinum(II) nitrate. The solution
pH was adjusted to 11 with ammonium hydroxide. After
impregnation of the Pt salt, the catalyst was dried overnight at 125
°C and calcined at 250 °C for 3 h in flowing air. The mass of
tetraammine platinum nitrate used in the impregnation solution was
adjusted to give Pt loadings of 2% and 5% on the bimetallic catalysts
and a separate monometallic Pt catalyst with a Pt loading of 3%. After
calcination, catalysts were reduced in 5% H2 with a slow heating ramp
(2.5 °C/min) through 250 °C and a fast ramp to 550 °C with a 30
min dwell at temperature. The reduced catalysts were then cooled to
room temperature in nitrogen and passivated in air. Other Pt−V
catalysts were synthesized with different metal loadings of each
component with full details given in Table S1 of the Supporting
Information.

Electron Microscopy. Particle size distributions were measured
by scanning transmission electron microscopy (STEM) and are
reported as volume average particle sizes. Imaging was performed on a
FEI Titan at an accelerating voltage of 300 keV in STEM mode by
using a high angle annular dark field detector. Particle size
distributions were measured by counting over 250 particles per
sample. Energy-dispersive X-ray spectroscopy (EDS) maps were taken
on a FEI Talos F200X S/TEM with an X-FEG high brightness
electron source and a Super-X EDS system. The microscope was
operated at an accelerating voltage of 200 keV and has a maximum
STEM resolution of 1.2 Å and a maximum EDS mapping resolution
of 1.6 Å.

Propane Dehydrogenation. Catalytic measurements were
performed on a laboratory scale fixed bed microreactor. 0.025−0.25
g of catalyst was diluted to 1 g total mass with Davisil grade 646 (35−
60 mesh) and loaded into a quartz tube for testing, creating a catalyst
bed approximately 2−3 cm in length. A stainless-steel thermocouple
well was inserted into the bottom of the catalyst bed to monitor
temperature during reactions. Four mass flow controllers (Parker)
were used to supply reactant gases to the reactor. Effluent gas was
analyzed by an online HP 6890 gas chromatograph equipped with an
FID detector and a Restek Alumina BOND/Na2SO4 capillary column.
Full separation of C1 through C3 products was accomplished in 5 min.

The selectivity to propylene and propane conversion were
calculated on a carbon basis of gas phase products. Dehydrogenation
turnover rates were normalized based on the fraction of surface Pt
determined by surface oxidation difference extended X-ray absorption
fine structure (EXAFS) (described below). Catalysts were pretreated
at 550 °C in 5% H2, and the reactor was purged with N2 before
flowing reactant gases. A first-order exponential decay function was fit
to time on stream data to determine selectivity and conversion for
each test at zero deactivation. Each conversion, selectivity, and initial
turnover rate reported was determined by using a fresh sample from
the same respective batch of each prereduced catalyst.

X-ray Absorption Spectroscopy (XAS). Pt L3 edge in situ XAS
was performed at the MRCAT bending magnet line (10BM) at
Argonne National Laboratory’s Advanced Photon Source. Measure-
ments were taken in transmission mode using a set of three ion
chambers for simultaneous measurement of a sample and an energy
reference foil. Powder samples pressed into a stainless steel sample
holder were treated and measured in a quartz tube reactor with X-ray
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transparent windows. Before measurement, samples were reduced at
550 °C in 3.5% H2 for 30 min. The reactor was then purged with
ultrahigh-purity helium passed through an oxygen trap at temperature
to desorb hydrogen and cooled to room temperature for measure-
ment. Scans were also collected after exposing the reduced samples to
air at room temperature.
To study the surface layer of the Pt−V nanoparticles, EXAFS

difference spectra were used. EXAFS spectra of the catalyst oxidized
in air at room temperature and that of the catalyst in the reduced state
were subtracted to give the difference. Air exposure at room
temperature oxidizes the surface layer of Pt nanoparticles.21 The
unchanged spectral features of the particle core common to both the
reduced and surface oxidized samples are removed in the difference,
leaving only the changes resulting due to the surface oxidation
process. Details of the data processing for EXAFS difference spectra
and EXAFS fitting are given in the Supporting Information.
Resonant Inelastic X-ray Scattering (RIXS). RIXS measure-

ments were performed at the MRCAT insertion device line (10ID).
RIXS measurements were performed on catalyst wafers treated in an
in situ fluorescence cell described elsewhere.22 Measurements were
conducted at 100 °C after a 30 min pretreatment at 550 °C in 3.5%
H2. The RIXS process measured was the Lβ5 fluorescent emission (Pt
5d decay to 2p3/2 core hole) resonant about the Pt L3 absorption edge
(Pt 2p3/2 to 5d unfilled). X-ray absorption at the Pt L3 edge was
measured in transmission by using a set of ion chambers.
Simultaneously, high-resolution X-ray emission spectra of the Pt
Lβ5 fluorescence line were collected by using a wavelength dispersive
spectrometer based on a bent silicon crystal. Full details of the
emission spectrometer and data processing are given in the
Supporting Information.
X-ray Photoelectron Spectroscopy (XPS). XPS analysis was

performed by a Kratos Axis Ultra Imaging DLD spectrometer with an
attached pretreatment chamber. The XPS spectra were collected by
using a monochromatic Al Kα (1486.69 eV) radiation and a
hemispherical electron energy analyzer operated with a constant
pass energy of 20 eV. Charge neutralization was used to mitigate
nonhomogeneous charging and to improve resolution. Prior to
measurement, samples were pretreated at 550 °C in 5% hydrogen for
30 min. The pretreatment chamber was then evacuated, and the
sample was transferred under ultrahigh vacuum to the analysis
chamber. XPS spectra were processed by using CasaXPS software.
The Pt 4f peaks were fit by using an asymmetric Lorentzian function
(LF(a,b,c,d) function in CasaXPS) after subtraction of a Shirley
background. Charge correction was performed by setting the Si 2p
binding energy to 103.7 eV.
X-ray Diffraction (XRD). In-situ synchrotron XRD spectra were

collected at the 11-ID-C beamline at the Advanced Photon Source.
XRD experiments were performed in transmission geometry, using an
X-ray energy of 106.257 keV (0.11684 Å) and a PerkinElmer large
area detector. Pressed catalyst wafer samples were loaded into a water-
cooled Linkam stage, which allowed for heating and cooling as well as
gas flow. Samples were pretreated identically to XAS measurements.
Scans of the empty Linkam cell and bare silica support were collected
for background subtraction. The collected 2D diffraction patterns
were calibrated by using a CeO2 standard sample and integrated to
give standard powder diffraction data by using Fit2D software.23,24

Theoretical XRD patterns were calculated by using crystallographic
references and the Materials Analysis Using Diffraction (MAUD)
software.25 Multiple peak fitting was performed with OriginPro
software using a mixed Gaussian−Lorentzian peak profile.
Density Functional Theory (DFT). Electronic structure calcu-

lations were performed using periodic, self-consistent DFT, as
implemented within the Vienna ab Initio Simulation Package
(VASP).26−29 Projector augmented wave pseudopotentials30 and the
PBE functional for exchange and correlation31 were used, which have
been extensively benchmarked for transition metals and have been
shown to provide good predictions of trends in adsorption properties
across different metal surfaces. Lattice constant optimization and bulk
binary phase diagram calculations were performed using a plane wave
cutoff energy of 600 eV and a 10 × 10 × 10 Monkhorst−Pack k-point

grid and Methfessel−Paxton smearing.32,33 Lattice constants were
converged with a force criterion of 0.02 eV/Å, giving a lattice constant
of 3.98 Å for Pt and 3.92 Å for Pt3V.

Surface calculations for adsorption energies were conducted on
close-packed (111) facets with supercells of Pt and Pt3V having side
lengths of 12 times those of the primitive unit cell. A plane wave
cutoff of 500 eV and a 4 × 4 × 1 Monkhorst−Pack k-point grid with
Methfessel−Paxton smearing were used. The slabs were composed of
five layers with the bottom two layers constrained to represent the
bulk. For comparison, binding energies of CO and CH3 species were
also calculated on a smaller 2 × 2 × 5 unit cell with the same number
of layers relaxed, and no differences were found (see the Supporting
Information for additional details). We note that although such single
crystal models may not capture all quantitative aspects of the structure
and reactivity of transition metal alloy nanoparticles, they provide
reasonable descriptions of qualitative trends, which is the goal of this
study. All calculations were spin polarized, and a dipole correction was
employed perpendicular to slab surface to reduce periodic image
interactions.

Projected density of states (pDOS) calculations were conducted on
(111) close-packed surfaces with 2 × 2 × 5 supercells and three layers
relaxed. Pure Pt(111), bulk-terminated Pt3V (111), and Pt(111) with
one and two monolayers of Pt3V skins on the surface were considered
for the pDOS analysis. For these calculations, a plane wave cutoff of
800 eV, a denser k-point grid of 13 × 13 × 1, and tetrahedron Blo chl
smearing were used. The density of states was projected according to
the Wigner−Seitz radius provided by the PAW potential. The DOS
was evaluated on 800 grid points in a range of ±8 eV from the
corresponding Fermi energy for the system. Methfessel−Paxton
smearing with a width of 0.2 eV was used to generate a smoother
pDOS. The Pt d-band center was calculated as the first moment of the
pDOS of d-electrons for surface Pt atoms, and the d-band width was
evaluated as the square root of its second moment.

Transition-state (TS) energy calculations were performed with CI-
NEB where each optimized TS structure was checked with a normal-
mode analysis to ensure that only a single imaginary frequency
exists.34 Gas phase species were calculated with a plane wave cutoff of
500 eV with Gaussian smearing and a gamma k-point within a 20 ×
21 × 22 Å supercell. For setup, visualization, and analysis of atomistic
simulations, Atomic Simulation Environment (ASE) was used.35

Rendering of the atomic configuration was done using OVITO.36

■ RESULTS
Structural Characterization. Metal nanoparticle sizes of

the 3Pt, 5Pt−5V, and 2Pt−5V catalysts were determined by
STEM imaging (Figure S1). The volume average particle sizes
for 3Pt, 5Pt−5V, and 2Pt−5V were 2.6 ± 0.5, 2.2 ± 0.5, and
2.2 ± 0.7 nm, respectively. STEM EDS maps of 2Pt−5V
(Figure S2) of Pt and V show a highly dispersed V on the
support and particles containing both Pt and V. The TEM
images do show some amount of particle size heterogeneity,
likely due to sintering and coalescence resulting from the high-
temperature reduction done as part of the synthesis process.
XAS was used to verify that V incorporates into the metallic

Pt particles and forms a bimetallic phase. From the V K edge
(Figure S3), only scattering from nearest-neighbor V−O and
second shell V−O−V is evident after reduction of the 5Pt−5V
catalyst, suggesting most of the V is present as oxide clusters.
Figure 1 shows the R-space magnitude and imaginary
components of the Pt L3 EXAFS for 3Pt (black) and 2Pt−
5V (blue). 3Pt shows the three peaks characteristic of
scattering from metallic Pt. Compared to 3Pt, the first peak
in the 2Pt−5V sample at 2 Å (phase uncorrected distance)
increases slightly in intensity, and the third peak at 3 Å (phase
uncorrected distance) decreases slightly in intensity. Addition-
ally, the peaks in 2Pt−5V shift to lower R compared to 3Pt.
The changes in the first shell scattering peaks are due to Pt−V
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scattering, confirming that a Pt−V bimetallic forms. Fits of the
first shell EXAFS and XANES edge energies are shown in
Table 1.

For 3Pt, a high-quality fit was obtained by fitting with a
single Pt−Pt scattering path. To fit the Pt−V catalysts, it was
necessary to include a second scattering path (Pt−V) to fit the
data. The total coordination number, which is correlated to the
metal particle size,37 of all three catalysts is close to 9, which
agrees with the STEM results showing that all three catalysts
have similar particle sizes (2−2.5 nm). The bond distance of
2.74 Å in the 3Pt sample is characteristic of small Pt
nanoparticles, where the decrease in average coordination
number causes a slight contraction of the Pt−Pt bond distance
from the bulk value of 2.77 Å.38 In the Pt−V catalysts, the Pt−
Pt bond distance was also contracted, with 5Pt−5V having a
bond distance of 2.73 Å and 2Pt−5V having a Pt−Pt bond
distance of 2.72 Å. For both alloy samples, the Pt−V bond
distance for each sample was the same as the respective Pt−Pt
bond distance. Fit parameters and spectra for other Pt−V
catalysts discussed in the Experimental Methods synthesis
section are given in Table S2 and Figure S4, respectively and
have bond distances and coordination numbers similar to the
above-described Pt−V catalysts.
The ratio of Pt−V to Pt−Pt neighbors is related to the

particle composition. By nature of their fixed composition, Pt−
V intermetallic phases have fixed values of the neighbor ratio,
and hence the ratio can be used to determine whether a sample
has a local Pt environment consistent with a given alloy phase.
Of the possible Pt−V alloys only Pt8V and Pt3V have Pt−Pt
bonds. Pt8V has a Pt−V/Pt−Pt neighbor ratio of 0.2, and Pt3V
has a Pt−V/Pt−Pt neighbor ratio of 0.5. The 5Pt−5V catalyst

had a Pt−Pt coordination number of 6.5 and a Pt−V
coordination number of 2, leading to a ratio of Pt−V to Pt−
Pt neighbors of 0.31, which is Pt rich with respect to Pt3V. An
intermediate neighbor ratio could be explained by a mixture of
two phases as would be present in core−shell particles. The
2Pt−5V catalyst had a Pt−Pt coordination number of 6.2 and a
Pt−V coordination number of 2.9, giving a Pt−Pt/Pt−V
coordination number ratio of 0.47, which closely matches the
ratio of Pt3V.
In a 5Pt−5V catalyst reduced at 200 °C from the freshly

calcined state the coordination number ratio closely matches
that of 5Pt−5V reduced at 550 °C (Figure S5 and Table S2),
albeit with a lower total coordination number. Based on the
color change of the catalyst during reduction from brown to
black, the onset of platinum reduction on silica supported Pt−
V catalysts is close to 200 °C. The presence of Pt−V scattering
in 5Pt−5V early in the reduction process suggests that
vanadium reduction and incorporation occur early or
simultaneously with the nucleation of metallic Pt. The
similarity in composition between the 5Pt−5V catalyst reduced
at 200 and 550 °C suggests that the particle size heterogeneity
in the high-temperature reduction sample does not also
accompany a compositional heterogeneity.
To study the long-range order and phase composition of the

Pt−V nanoparticles, in situ synchrotron XRD was used.
Synchrotron XRD provides several advantages over laboratory-
based XRD, including improved signal-to-noise and the ability
to use a high X-ray energy which further suppresses the
contribution of the amorphous support for the spectrum. As a
result of the high X-ray energy used (106.257 keV), diffraction
peaks occur at a lower angle and a lower angular range than
typical of a laboratory instrument.
Distinguishing between Pt and Pt3V is difficult due to the

small difference in their unit cell parameters: 3.92 Å for Pt and
3.87 Å for Pt3V.

39 Additionally, below 10 nm, the lattice
parameters of both Pt and Pt3V change with particle size due
to the contraction of bond distance that occurs in nano-
particles. Leontyev et al. used synchrotron XRD to measure the
lattice parameter contraction in Pt nanoparticles of different
size.40 At 2 nm in size, the lattice parameter of Pt nanoparticles
decreased from the bulk value by 0.03 Å, a decrease
comparable in size to the lattice parameter difference between
Pt and Pt3V (0.05 Å). Because both V incorporation and
decreasing particle size each decrease the lattice parameter,
changes cannot be solely attributed to composition unless a
comparison is made between a Pt and Pt−V particle of similar
size.
Figure 2a shows the in situ synchrotron XRD pattern of 3Pt

and 5Pt−5V. The fundamental lines characteristic of an fcc
metal are present, ruling out the presence of Pt−V phases
without fcc symmetry, such as Pt8V, PtV, or Pt2V. The XRD
peaks are broad and weak in intensity due to the small average
particle size present in the sample, as described above. In the
high Pt loading sample (5Pt−5V), no diffraction from a
crystalline vanadium oxide phase is observed; while weak
vanadium oxide diffraction peaks are seen in the sample with
lower Pt loading. Both samples, however, have similar shifts in
the position of fcc reflections (2Pt−5V, Figure S6). Figure 2b
shows details of the 220 and 311 reflections for 3Pt and 5Pt−
5V after a reduction treatment at 550 °C. While the peak shifts
between 3Pt and 5Pt−5V are small (0.03° for the 220 peak),
the shift is larger than the angular resolution of the instrument
(0.005°) and is more apparent in the high index diffraction

Figure 1. In-situ Pt L3 edge EXAFS magnitude (solid lines) and
imaginary (dashed lines) of 3Pt (black) and 2Pt−5V (red) catalysts.
Spectra were collected at room temperature in He after a 30 min
reduction at 550 °C in 3.5% H2.

Table 1. XANES Edge Energies and EXAFS Fitting
Parameters for 3Pt, 5Pt−5V, and 2Pt−5V: Coordination
Number (CN), Bond Distance (R), Debye−Waller Factor
(σ2), and E0 Correction

sample
XANES edge
energy (eV)

scattering
pair CN R (Å) σ2 (Å

2)
E0
(eV)

3Pt 11564.0 Pt−Pt 8.8 2.74 0.002 −0.9
5Pt−5V 11564.2 Pt−Pt 6.5 2.73 0.003 −0.8

Pt−V 2.0 2.71 0.003 2.6
2Pt−5V 11564.4 Pt−Pt 6.2 2.72 0.003 −1.6

Pt−V 2.9 2.72 0.003 2.3

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.9b01373
ACS Appl. Energy Mater. 2020, 3, 1410−1422

1413

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01373/suppl_file/ae9b01373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01373/suppl_file/ae9b01373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01373/suppl_file/ae9b01373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01373/suppl_file/ae9b01373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01373/suppl_file/ae9b01373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01373/suppl_file/ae9b01373_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01373?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.9b01373?ref=pdf


peaks. Particle size dependent lattice contraction is controlled
for by measuring a monometallic and alloy catalyst of the same
particle size, and the shift in peak position is attributed to
formation of the Pt3V phase. The peak positions of the 3Pt
catalyst agree with the simulated Pt pattern with a lattice
parameter of 3.89 Å. The peak positions of the 5Pt−5V
catalyst are shifted to higher angle than the 3Pt catalyst.
Simulating a Pt3V pattern with a lattice parameter of 3.87 Å
gives excellent agreement with the peak positions of the 5Pt−
5V sample across the entire pattern. The lattice parameter for
5Pt−5V is larger than expected for a nanoparticle Pt3V catalyst
which would be contracted from the bulk lattice parameter of
3.87 Å. The difference is explained by the EXAFS results for
5Pt−5V showing that it is Pt-rich with respect to Pt3V, which
would give a lattice parameter intermediate between Pt and

Pt3V. In other Pt−V catalysts that are more Pt-rich (Figure
S7), XRD shows asymmetric peak shapes, indicating two
phases are present. When fit with two components (Table S3),
the peak and shoulder give lattice parameters matching that of
Pt (3.89−3.90 Å) and Pt3V (3.87−3.88 Å), respectively.

Electronic Characterization. As the 5Pt−5V sample was
determined to be a phase mixture, further electronic
characterization was carried out on the 2Pt−5V, which had a
coordination number ratio closely matching Pt3V, which
suggests that 2Pt−5V is a pure phase Pt3V alloy. Figure 3a
shows the Pt L3 edge XANES for 3Pt and 2Pt−5V after
reduction in 3.5% H2 at 550 °C. The edge energy (measured as
the energy of the first zero crossing of the second derivative of
the XANES) for the 3Pt catalyst was identical to the
concurrently measured foil value of 11.5640 keV. The edge
energy of 2Pt−5V was shifted 0.4 eV higher than the Pt foil.
The white line shape of 2Pt−5V is also different than the 3Pt
catalyst which has a similar particle size, becoming narrower
and higher in intensity. The changes reflect the difference in
the energy distribution of the unfilled states between the
monometallic and alloy catalysts.
Figure 3b shows the Pt 4f high-resolution XPS spectra of 3Pt

and 2Pt−5V. Fitting parameters for the Pt 4f high resolution
XPS spectra are given in Table S4. The binding energies for
3Pt and 2Pt−5V from fitting were 70.9 and 71.3 eV,
respectively. Pt metal has a Pt 4f7/2 binding energy of 71.0
eV with an asymmetric peak shape toward higher binding
energy, while platinum oxides have higher binding energies
between 73 and 75 eV with a symmetric peak shape.41 The
asymmetric peak shape and binding energy for both samples
are consistent with Pt in the metallic state. The core level shift
(CLS) for 2Pt−5V is calculated as the difference in binding
energy between the pure metal (3Pt) and the alloy, giving an
increase in binding energy of 0.4 eV.
RIXS is a two-photon spectroscopy where an electron is

photoexcited from a core state to a vacant valence state (here a
Pt 5d unfilled state) and an emitted photon is measured arising
from an electron in the filled valence state (Pt 5d filled state)
filling the core hole. To probe the energy of the Pt 5d
electrons, the Lβ5 emission line, which corresponds to the
decay of a 5d electron into a 2p3/2 core hole, is selectively
measured. When the incident photon is scattered elastically
(i.e., the photoexcited 2p3/2 electron decays back into the 2p3/2

Figure 2. (a) In-situ synchrotron XRD patterns of 3Pt (black), 5Pt−
5V (red). Fundamental fcc lines are labeled in black. Simulated
patterns of Pt with a lattice parameter of 3.89 Å (blue) and Pt3V with
a lattice parameter of 3.87 Å (green). (b) Expanded view of the 220
and 311 reflection for the above samples with vertical dashed lines
denoting experimental peak positions. All experimental spectra were
collected at 35 °C in 3.5% H2 after reduction at 550 °C.

Figure 3. (a) In-situ Pt L3 edge XANES of 3Pt (black) and 2Pt−5V (red). Spectra were collected at room temperature in He after reduction at 550
°C in 3.5% H2 for 30 min and a subsequent purge in He at 550 °C. (b) High-resolution Pt 4f XPS spectra of 2Pt−5V and 3Pt after a reduction
treatment in 5% H2 at 550 °C for 30 min. Black circles: raw data; black line: Shirley background; red lines: component fits; blue line: total fit.
Background and components are offset for clarity. The vertical line denotes the peak position of the Pt 4f7/2 component of 3Pt and 2Pt−5V.
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core hole), the fluoresced photon energy is equal to the
incident photon energy, which gives a peak at an energy
transfer value of 0 eV. For clarity, the elastic scattering line has
been subtracted from the RIXS plots in Figure 4. Intensity
fluctuations around an energy transfer value of 0 eV are
artifacts from the subtraction of the elastic scattering line.
Inelastic scattering occurs when the fluorescent decay into the
2p3/2 core hole occurs by an electron other than the excited
2p3/2 electron. This can occur by any symmetry allowed
electron transition according to dipole selection rules.
RIXS spectra are plotted as the fluoresced intensity as a

function of the incident photon energy on the abscissa and the
energy difference between the incident and emitted photon
(energy transfer) on the ordinate. The inelastic scattering peak
manifests as a broad maximum centered at an incident energy
value between the respective XANES edge energy and white
line energy for each sample. Far from the XANES inflection
point (∼5 eV), the resonant enhancement of the Lβ5 emission
mode decays, leading to a low-intensity tail toward higher
energy transfer values with increasing incident energy. For the
Pt sample, the maximum of the inelastic scattering peak lies at
an incident energy of 11.5640 keV and an energy transfer value
of 2.7 eV. This corresponds to an energy separation of 2.7 eV
between the average energy of the filled and unfilled states. For
Pt3V, the maximum of the inelastic scattering peak lies at an
incident energy of 11.5644 keV, with an energy transfer value
of 3.5 eV. The energy separation between the filled and
unfilled states in Pt3V is 0.8 eV larger than Pt. From the
XANES edge energy of pure phase Pt3V (2Pt−5V) the 0.8 eV
split can be separated into a 0.4 eV increase in the energy of
the unfilled states and a 0.4 eV decrease in the energy of the
filled 5d states relative to Pt.
Propane Dehydrogenation. Figure 5 shows propylene

selectivity and propane conversion extrapolated to zero
deactivation for 3Pt, 5Pt−5V, and, 2Pt−5V with each data
point representing a separate sample of catalyst from the same
synthetic batch. For all reactions, propylene was the main
product; hydrogenolysis led to the formation of methane,
ethane, and ethylene. Tests performed without cofed hydrogen
are shown in Figure 5a. The selectivity of 2Pt−5V and 5Pt−5V
were equivalent in tests without hydrogen, both showing above
95% propylene selectivity which did not decrease with
increasing conversion. In comparison, 3Pt showed moderate
selectivity which decreased as the conversion increased.
Figure 5b shows catalyst tests performed with cofed

hydrogen. Dehydrogenation in the presence of H2 is a more
demanding test of the catalysts’ selectivity as the latter is
required for hydrogenolysis. The propane-to-hydrogen ratio

was 1:1. Similar to the tests done without hydrogen, 3Pt
decreased in selectivity with increasing conversion, but the
selectivity at low conversion when tested with hydrogen was
lower than when tested without. For the 2Pt−5V catalyst,
cofeeding hydrogen did not change the selectivity noticeably
from the values obtained without hydrogen. For 5Pt−5V, there
was a 4% decrease in the selectivity with increasing conversion
over the tested range when hydrogen was cofed.
To count the fraction of surface Pt in the alloy and properly

normalize the propylene production rate, XAS data were
collected for each sample in the reduced state and after
exposing the sample to air at room temperature. The basis of
measuring dispersion by this method comes from the fractional
Pt−O coordination arising from surface oxidized Pt. In an
oxidized particle with 100% dispersion, each Pt(II) ion will
have four oxygen neighbors (platinum oxide). As the
dispersion decreases from unity, the Pt−O coordination
number represents the fraction of the sample that is oxidized
and is proportional to the dispersion. The same methodology
of surface oxidation is the basis of H2−O2 titration, but
because of the element specificity of EXAFS, the confounding
effect of V oxidation on the titration is avoided, and additional
structural information about the surface can be obtained.
Figure 6 shows the EXAFS difference spectra for 2Pt−5V

and 5Pt−5V; fitting parameters for the difference spectra are
given in Table 2. Three peaks are present in the difference
spectra. The first peak at low R (at about 1.5 Å phase
uncorrected distance) is characteristic of Pt−O scattering. For
the 2Pt−5V sample, fitting the peak gave a bond distance of
2.05 Å and a gain in average Pt−O coordination number of

Figure 4. Pt L3−Lβ5 RIXS maps of Pt (a) and Pt3V (b). Spectra were collected after a reduction treatment at 550 °C in 3.5% H2 for 30 min.
Spectra were collected at 100 °C in 3.5% H2. Horizontal dashed lines denote the maximum of the inelastic scattering peak for each sample.

Figure 5. Propylene selectivity and propane conversion for 3Pt (black
squares), 5Pt−5V (red circles), and 2Pt−5V (blue triangles) tested
without (a) and with (b) cofed H2. Reactions were performed at 550
°C at 3 psig with 2.5% propane balance N2. For (b) the hydrogen
concentration was 2.5%. Data points shown are at zero deactivation
with each data point representing a separate test.
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0.5, which corresponds to a dispersion of 0.13. The two peaks
between 2 and 3.5 Å (phase uncorrected distance) are due to
lost Pt−Pt and Pt−V scattering. Fitting these peaks in the
2Pt−5V sample gives a Pt−Pt bond distance of 2.72 Å with a
coordination number of 0.9 and a Pt−V bond distance of 2.70
Å with a coordination number of 0.6. Within the error of the
small features in the difference spectrum, the surface layer Pt−
V:Pt−Pt neighbor ratio for 2Pt−5V matches the total sample
neighbor ratio.
The 5Pt−5V sample has a Pt−O coordination number of 0.6

at 2.03 Å, corresponding to a dispersion of 0.15. The bond
distance for Pt−Pt and Pt−V was 2.74 Å with 1.2 and 0.7 Pt−
Pt and Pt−V average coordination numbers, respectively,
giving a Pt−V:Pt−Pt neighbor ratio close to 0.5. The surface
ratio of 0.5 is significantly higher than the total sample
neighbor ratio of 0.31, showing that the surface composition in
the 5Pt−5V sample is different than that of the total sample.
For both catalysts, the EXAFS difference analysis is consistent
with a Pt3V surface structure.
With the Pt dispersion from difference XAS, the initial

propylene production turnover rates were calculated from
catalyst test data. Note that dispersion values measured by CO
chemisorption for both alloy samples were also below 20%,
demonstrating the ability of the difference XAS technique to
accurately determine dispersion; however, because of the
possibility of metallic V adsorbing CO, dispersion values from
difference XAS were used for rate normalization. The values
obtained by difference XAS should be considered a lower
bound on dispersion due to the possibility of surface vanadium
oxide blocking chemisorption sites. Turnover rate measure-
ments were conducted at 550 °C with differential propane
conversion (<10%) and a propane concentration of 2.5%,.
When hydrogen was cofed, the concentration was 2.5%. The
pure Pt catalyst had a dispersion of 29% and a turnover rate of
0.36 s−1 when hydrogen was cofed and 0.03 s−1 without

hydrogen. The 5Pt−5V catalyst had a dispersion of 15% and a
turnover rate of 0.28 s−1, while the 2Pt−5V catalyst had a
dispersion of 13% and a higher turnover rate of 0.38 s−1. When
tested without hydrogen, 5Pt−5V had an initial TOR of 0.06
s−1 and 2Pt−5V had an initial TOR of 0.16 s−1. The small
differences between the samples under equivalent conditions
are within the error generally assumed for the reproducibility
of determining turnover rates.42

DFT. To better understand the electronic effect of V
incorporation in Pt when forming Pt3V alloys, DFT
calculations were conducted on model Pt3V (111) and Pt
(111) surfaces. First, compositional phase stability of various
Pt−V alloys was studied by constructing a 0 K isothermal−
isobaric binary compositional phase diagram, shown in Figure
7. Finite temperature effects are not expected to significantly

impact the formation energy of the concerned alloys and hence
are not considered. Each point on the plot is the most
thermodynamically stable bulk structure, considering fcc, hcp,
and bcc crystal structures in each case, for the given
composition of Pt−V. The most stable phases are connected
through a convex hull and represented by red points. Unstable
phases lie above the convex hull (plotted in blue) and would
decompose into nearest stable phase on the convex hull, with
compositions predicted by the lever rule. Apart from pure bulk
Pt, the Pt3V phase is the only stable close-packed fcc phase.
This result is fully consistent with the experimental XRD and
XAS measurements, which also point to the presence of a Pt3V
alloy phase with an fcc crystal structure.

Figure 6. Pt L3 edge EXAFS difference spectra for 2Pt−5V (a) and 5Pt−5V (b) (magnitude: solid black; imaginary: dashed black) and difference
spectra fit (magnitude fit: solid red; imaginary fit: dashed red). A reduced scan of both 2Pt−5V and 5Pt−5V was taken at room temperature in He
after reduction at 550 °C in 3.5% H2; subsequently, the samples were exposed to air for 30 min and then scanned again.

Table 2. EXAFS Fit for Pt−V Difference Spectra

sample path CN R (Å) σ2 (Å2) E0 (eV)

5P−5V Pt−O 0.6 2.03 0.002 −4.5
Pt−Pt 1.2 2.74 0.002 −3.0
Pt−V 0.7 2.74 0.002 4.4

2Pt−5V Pt−O 0.5 2.05 0.002 −4.4
Pt−Pt 0.9 2.70 0.003 2.1
Pt−V 0.6 2.72 0.003 −3.2

Figure 7. Binary compositional phase diagram for Pt−V. Red nodes
are stable phases lying on the convex hull (black line). Blue nodes are
the most stable phases for given Pt−V compositions which do not lie
on the convex hull.
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The effect of V incorporation on the Pt electronic energy
levels was studied by examining the calculated atom projected
density of states of the Pt 5d band (Figure 8). Four geometries
were modeled to represent pure Pt, a core−shell structure with
two different shell thicknesses, and pure Pt3V. For modeling of
the core−shell structures, the topmost and top two layers of a
Pt slab were replaced with Pt3V, labeled as Pt3V-1 ML-Pt and
Pt3V-2 ML-Pt, respectively. Starting from Pt, replacing
subsequent layers of the slab with Pt3V causes a decrease in
the density of states at the Fermi level and the creation of new
unoccupied states farther from the Fermi level. Pt occupied
states broaden and shift to occupy lower energies with
increasing V incorporation, with the most significant changes
in density concentrated slightly below the Fermi energy. This
shift results in the Pt d-band center decreasing from −1.95 eV
for pure Pt to −2.49 eV for bulk Pt3V. The binding strength of
CO and C1 adsorbates (Table S5) on the four slabs decreased
as the alloy layer was thickened, in line with shifts in the d-
band center. The degree of band filling is nearly constant for all
Pt atoms in the surface and bulk alloys studied, suggesting that
charge transfer to or from the d-band in the system is minimal,
in agreement with previous calculations on Pt bimetallics.5,16

The consequences of d-band modification from V
incorporation can be seen in the weakening of binding energy
of adsorbates important to the dehydrogenation reaction
network. The binding energies for hydrocarbon adsorbates
(C1−C3) and hydrogen are shown in Tables S6 and S7,
respectively. All hydrocarbons bind more weakly on Pt3V as
compared to Pt, and hydrogen no longer binds isoenergetically
on all Pt sites in the alloy. The strongest decreases are seen in
adsorbates that involve bonding to multiple surface atoms,
such as is the case with deeply dehydrogenated species such as
C3H5 and ethylidyne. The strain contribution to the binding
energy changes (Table S8), calculated by fixing the lattice
parameter of a Pt slab to that of Pt3V and repeating adsorption
calculations, was found to be within DFT error. Adsorbates
that bond at hollow sites also bond at V containing ensembles,
despite the presence of structurally equivalent Pt-only hollow
sites (Figure S8).

Additionally, an often-used selectivity descriptor for
dehydrogenation, the energy difference between propylene
desorption and propylene dehydrogenation (Figure S9),
predicts that desorption of propylene is more energetically
favorable than deep dehydrogenation on Pt3V. The change in
energetics is mainly due to the destabilization of propylene, as
the barrier for propylene dehydrogenation between Pt and
Pt3V differs by only 0.1 eV. The propylene dehydrogenation
transition state and C3H5 are also both destabilized relative to
gas phase propylene.

■ DISCUSSION

Structural Model. There are several possibilities for the
arrangement of Pt and V in a bimetallic nanoparticle. The bulk
Pt−V phase diagram lists five stable phases: Pt8V, Pt3V, Pt2V,
PtV, and PtV3. Pt can form a solid solution with V, but the
solubility (which decreases with temperature) is limited to 15
at. % V at 400 °C.43 From the isothermal−isobaric phase
diagram, Pt3V, Pt2V, and PtV were identified as thermody-
namically stable phases.
The primary reflections in XRD of the 5Pt−5V sample rule

out the non-fcc Pt−V phases which include Pt8V, Pt2V, and
PtV. The AuCu3 form of PtV3 can be ruled out based on the
presence of Pt−Pt nearest neighbors seen in EXAFS, which are
not present in PtV3. In samples that are Pt-rich with respect to
Pt3V, a phase mixture of Pt and Pt3V form, rather than a solid
solution based on asymmetric peak shapes seen in XRD.
Rather than separate particles of Pt and Pt3V, the phase
mixture takes the form of a core−shell structure with a Pt3V
shell and a Pt core based on the surface composition matching
Pt3V while the total composition was Pt-rich with respect to
Pt3V.
The atomic environment of Pt in Pt3V is cuboctohedral with

eight Pt neighbors and four V neighbors, both at a bond
distance of 2.74 Å. As the particle size decreases, the total
coordination number and bond distance both decrease, but the
ratio of V to Pt neighbors will remain constant between
nanophase and bulk Pt3V because of the local Pt environment
inherent to the phase. Thus, the Pt−Pt and Pt−V coordination

Figure 8. (a) pDOS for Pt (gold), Pt3V (burgundy), and two epitaxial structures with one (orange) and two (crimson) layers of Pt3V on Pt with
the Fermi energy marked by a vertical dashed line. The inset graph shows an expanded view of near-Fermi energy unfilled states. (b) Structures
corresponding to each model. (c) The d-band center and d-band width for the above structures.
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numbers can be used to determine whether a sample has a
stoichiometry consistent with the Pt3V phase.
For the 5Pt−5V, the Pt−V:Pt−Pt neighbor ratio is lower

than bulk Pt3V, indicating that the sample is Pt-rich with
respect to Pt3V. Surface oxidation difference XAS and XRD
demonstrated that the phase arrangement is a core−shell
particle with a Pt core and a Pt3V shell. Because Pt−V
scattering arises from the formation of Pt3V, the Pt−Pt
coordination number can be separated into Pt−Pt coordina-
tion in the alloy and Pt−Pt coordination in the Pt core, as the
ratio of Pt−V to Pt−Pt in the alloy is fixed at 0.5. This allows
for the fraction of each phase to be derived from the total
coordination number. For 5Pt−5V, the Pt−V coordination
number of 2.0 gives a total Pt3V coordination of 6 (2 Pt−V + 4
Pt−Pt); the total coordination of 8.5 gives an alloy phase
fraction of 70% and a Pt core phase fraction of 30%. Given the
volume average particle size (2.2 nm) and measured lattice
parameter (3.88 Å), the alloy shell layer thickness can be
estimated as in ref 44, giving a shell layer thickness of 4 Å on a
core 14 Å in diameter. A 4 Å shell layer corresponds to
approximately 2−3 atomic layers of alloy.
In the 2Pt−5V, the Pt−V:Pt−Pt neighbor ratio matches

bulk Pt3V. Based on the XRD results for 5Pt−5V, the
interpretation most consistent with the EXAFS would be that
the 2Pt−5V sample is pure phase Pt3V. The surface oxidation
difference EXAFS data show that the surface stoichiometry
also matches that of Pt3V and demonstrates that no surface
segregation occurs under reducing conditions. Additionally, the
surface EXAFS suggests that there are few, if any, unalloyed Pt
nanoparticles in this sample.
The importance of phase purity in the measurement of

electronic modifications is shown in Figure 9, which shows the

Pt L3 XANES edge energy shift relative to Pt foil as a function
of the V:Pt neighbor ratio for 11 Pt−V catalysts of different
composition. The neighbor ratio expected for Pt3V is 0.5;
values below this are phase mixtures of Pt and Pt3V which have
XANES edge energies lower than that of pure phase Pt3V. In
the pure phase, the XANES shift is 0.4 eV, which reflects an
increase in the energy of the Pt 5d unfilled states in the alloy.
Samples that are not phase pure then underestimate the
electronic modification inherent to Pt3V. Further electronic
characterization was done only on the pure phase Pt3V sample,
2Pt−5V, which allowed for more accurate comparison with the
Pt3V slab models. While this choice of a slab model neglects

the contribution of corner and edge atoms in the electronic
structure calculations, the experimental techniques used to
characterize the catalysts are bulk sensitive and probe all Pt
atoms. The majority of atoms in a 2 nm nanoparticle are
terrace or interior atoms, and their electronic structure is
properly captured in the slab model. While adsorption energies
on terrace sites may vary significantly from corner and edge
sites, scaling relationships on metals have been reported as a
function of the adsorption sites’ metal coordination number,
and hence the trend in binding energy between Pt and Pt3V
can be captured without explicitly considering all sites.45

Nature of Electronic Modification. Frequently in the
metal catalysis literature, the rigid band model is invoked to
describe the mechanism of electronic modification of
catalysts.11−13,46,47 This model has been successfully used to
describe thermal and electronic properties of alloys, which are
properties dominated by conduction band s- and p-electrons,
whereas in metal catalysis the localized d-electrons are
responsible for catalytic behavior.48 In the rigid band model,
when two elements of different electronegativity are combined
in an alloy, the atom with lower electronegativity transfers
electron density to the other.49,50 This is interpreted to further
fill the d-band, shifting the Fermi energy relative to the band
while the shape and absolute energy of the band remain
constant. The model of charge transfer has been extended to
describe not only electronic changes in alloys11,12,51 but also
nanoparticle−support interactions52 and particle size effects.53

These observations of electronic modification are based on
spectral changes seen in various techniques sensitive to valence
d-electrons such as XPS, XANES, and ELNES, among others.
Using this model, one could predict the direction and
magnitude of electron transfer for a given alloy and hence
the spectral changes in XPS, XANES, and RIXS. If electron
transfer to the d-band accurately describes the mechanism of
electronic modification of Pt, the direction of charge transfer
predicted should be consistent among these methods.
The Pt L3 edge XANES transition probability is proportional

to the number of unfilled states, and changes in the intensity
and broadness of the XANES white line reflect changes in the
density of Pt 5d unfilled states.54,55 The rigid band model has
also been used to describe these spectral changes in the
XANES.11,50 In this interpretation, the transfer of electron
density to Pt decreases the number of unfilled Pt 5d states (i.e.,
more d-electron density), leading to a lower white line
intensity. Additionally, because of the increased filling of the d-
band resulting from the electron transfer, the average energy of
the unfilled states increases which causes an increase in the
XANES edge energy. By the above model, the 0.4 eV increase
in XANES edge energy seen for Pt3V would mean that Pt in
Pt3V has gained electrons through electron transfer from V.
The increase in the number of Pt electrons would also be
expected to lead to a decrease in the white line intensity;
however, the white line intensity increases relative to a Pt
nanoparticle of the same size.
XPS binding energy shifts are also frequently used

demonstrate electronic modification resulting from alloying.
Chemical shifts in XPS are frequently interpreted based on
electron transfer, as the energy required for photoemission is
greater in a positively charged atom and vice versa for a
negatively charged atom. Based on this interpretation, the 0.4
eV core level shift to higher binding energy seen for Pt3V is
due to Pt in the alloy having transferred electrons to V. It
should be noted that the orbital to which the electron is

Figure 9. Pt L3 edge XANES shift (vs Pt foil) plotted against the ratio
of Pt−V to Pt−Pt coordination numbers for 3Pt and 10 Pt−V
catalysts. The Pt−V to Pt−Pt ratio for the bulk Pt3V phase is shown
as a vertical dashed line. A linear fit of the data is shown in red.
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transferred is not specified, but unfilled states exist in the 5d or
conduction band 6s or 6p orbitals. By use of the same electron
transfer model, XANES and XPS come to opposite conclusions
regarding the direction of the transfer.
While XANES and XPS allow for an indirect measurement

of filled d-states, RIXS is a direct measurement. The inelastic
scattering peak in RIXS represents the energy difference
between the weighted average energy of the filled and unfilled
states. By the rigid band model, any change in filling of the d-
band would shift the average energy of the filled and unfilled
states in the same direction. Hence, the separation in energy
between the filled and unfilled states should be similar
regardless of any electron transfer. Based on the separately
collected XANES spectrum, the energy transfer value can be
deconvoluted into a downward shift in the filled state energy
and an upward shift in energy of the unfilled state energy,
which cannot be explained by electron transfer.
The inconsistency between the predicted direction of

electron transfer in XPS, XANES, and the increased separation
energy between the filled and unfilled states by RIXS suggests
that the rigid band model and electron transfer between the Pt
d-band and the promoter atom is incorrect. For Pt and Pt3V,
the density of states calculations demonstrate that the alloy
does not follow rigid band behavior. Instead, the d-band of
Pt3V is broadened with respect to Pt, resulting in changes the
energy of the filled and unfilled 5d states. These energy
changes are consistent with the spectral changes observed by
XPS, XANES, and RIXS. For example, the broadening of the d-
band causes the d-band center to shift away from the Fermi
level, decreasing the average energy of the filled states,
consistent with the RIXS results. The unfilled Pt 5d states
also increase in energy due to the broadening of the band,
resulting in an increase in the XANES edge energy in Pt3V.
Despite this modification in the density of states, the filling of
the d-band (and hence number of d-electrons) remains
constant, as shown by the integration of the d-band density
of states for Pt and Pt3V. The increased splitting in the energy
of the filled and unfilled d-states is a consequence of bonding
interactions between Pt and V which form new d-states that
differ in energy from those in a homoatomic bond. Thus, it is a
change in the energy of the filled and unfilled d-states that
gives rise to the changes in the XPS, XANES, and RIXS spectra
of Pt3V. While the above results do not preclude electron
transfer to Pt s- and p-bands, these electrons are minimally
involved in adsorbate binding, and hence transfer to these
orbitals would be largely inconsequential as far as catalytic
properties are concerned. Inferring changes to the d-band from
XPS alone should be made with caution since core level shifts
in alloys are sensitive to changes in energy, number, and orbital
character of the valence electrons as well as extra-atomic
relaxations and shifts in the Fermi energy.56,57 See Figure S10
and Table S9 as well as the supplemental discussion for a more
comprehensive examination of the contribution of various
effects to the XPS core level shifts and their interpretation.
The consequence of these electronic effects can be seen in

decrease in binding strength of adsorbates on the Pt3V alloy vs
monometallic Pt surfaces (Table S6). All the model adsorbates
considered, including CHx, CCH3, C3H6, and C3H5, showed
weakening in binding energy compared to their binding
strength on pure Pt. Because alloying decreases the average
energy of the filled 5d states, the binding strength of adsorbates
weakens as predicted by d-band theory.6 It has been proposed
that this weakening of adsorption strength leads to the

desorption pathway being favored over deep dehydrogenation
in DFT studies of Pt−Sn alloys.58 As seen from Figure S9, a
similar conclusion can be drawn for Pt3V since the
thermodynamics of deep dehydrogenation compared to
desorption are competitive in the case of Pt3V, while for
monometallic Pt the deep dehydrogenation is clearly
thermodynamically favored.

Effect of Structure on Catalytic Performance. The
structural characterization explains why 5Pt−5V and 2Pt−5V
have close to identical propylene selectivities and dehydrogen-
ation turnover rates despite the particle composition being
different in each catalyst. The reason is that the surface and
near-surface layers which affect catalytic properties are
compositionally the same. The geometric effect only requires
the presence of V atoms in the surface layer, whereas the
electronic effect is affected by both the surface and subsurface.
The surface alloy layer in 5Pt−5V is 2−3 atomic layers thick,
meaning that the nearest neighbors of surface atoms
participating in catalysis, both surface and subsurface, are the
same as in the pure alloy catalyst. The importance of the
subsurface layer on catalytic properties was demonstrated in
the difference in CO heat of adsorption between a Pt3Mn full
alloy and a Pt/Pt3Mn core−shell catalyst.59 The electronic
effect occurs as a result of bonds between the active metal and
the promoter. Because of this nature, electronic modification is
necessarily a short-range effect, as demonstrated by surface Pt
density of states, which showed a large change when first
nearest neighbors were changed, as compared to the small
change which occurred between the two monolayer slab and
the full alloy where only second nearest neighbors of the
surface Pt atoms are changed.
The geometric effect, or the decreasing the active metal

ensemble size, requires the presence of the promoter metal in
the surface layer of the nanoparticle. Difference XAS spectra on
Pt−V alloys demonstrate that V is present in the surface layer.
The geometric effect is often cited as the dominant factor in
dehydrogenation selectivity in alloys where the active metal is
isolated.18,60,61 However, in the case of Pt3V, the (111) surface
is composed of interconnected groups of three Pt atoms.
Despite the lack of total Pt isolation, Pt3V still shows above
95% propylene selectivity, which suggests that total Pt isolation
is not a requirement for high dehydrogenation selectivity. This
conclusion is supported by DFT results, which show that Pt3V
alloys bind C2 and C3 intermediates more weakly on sites of
different geometry as compared to pure Pt, in spite of the
presence of threefold Pt sites geometrically equivalent to Pt on
the Pt3V surface.
It is also worth mentioning that mechanisms proposed for

the hydrogenolysis of alkanes vary in the number of metal sites
required for the reaction from two to more than four.62−65

DFT studies on various metals have shown that the barrier for
C−C bond cleavage lowers as more hydrogen atoms are
removed from the adsorbed hydrocarbon.66 Based on these
results, the mechanism for hydrogenolysis is suggested to occur
through a deeply dehydrogenated species. For every hydrogen
lost to dehydrogenation, the C−H bond is replaced with a
metal−carbon bond.67 Thus, the extent of dehydrogenation at
which hydrogenolysis occurs determines the number of active
metal atoms needed to catalyze the reaction. Even assuming
the high-end ensemble size requirements for hydrogenolysis
(4+ atoms), the (111) surface of Pt3V should still have a large
enough active metal ensemble to catalyze hydrogenolysis. A
possible reason that these sites, which are important for
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stabilization of coke precursors on Pt,68 do not cause low
selectivity in Pt3V may be due to the decreased binding
strength and change of binding geometry of coke precursors
shown in Figure S8 and Table S6. The surface and subsurface
V atoms proximal to the 3-fold site electronically modify Pt
destabilizing adsorption on this site.

■ CONCLUSIONS
The addition of V to a Pt catalyst leads to the formation of the
Pt3V intermetallic compound with the AuCu3 structure. The
formation of the Pt3V phase, or an alloy surface layer on a Pt
core, led to high propylene selectivity, demonstrating that total
Pt site isolation, and full alloy formation, are not required for
high dehydrogenation selectivity. Instead, it is only necessary
to form an alloy layer 2−3 atomic layers thick to obtain the
same performance as a pure phase alloy. Formation of the
ordered alloy phase ensures that all Pt atoms in the
nanoparticle experience similar electronic modification and
that large Pt ensembles are eliminated. Other unexplored alloys
with the AuCu3 structure may also show high dehydrogenation
selectivity based on the high selectivity of both Pt3Sn and Pt3V
despite very different bonding interactions between Pt and the
promoting element. The magnitude of the electronic
modification was shown to be dependent on the extent of
alloy formation, demonstrating the importance of phase purity
in determining the electronic modification inherent to a
specific alloy phase. The source of electronic modification in
Pt−V alloys is not caused by electron transfer to or from the Pt
5d orbitals, but rather a change in the energy of the orbitals.
The consequences of the electronic modification were shown
by DFT to be weakening of adsorbate bonding to Pt and
changes in the most stable binding geometries in the alloy.
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Cazorla-Amoroś, D.; Yamashita, H. State of Pt in Dried and Reduced

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.9b01373
ACS Appl. Energy Mater. 2020, 3, 1410−1422

1421

https://dx.doi.org/10.1023/A:1019004720871
https://dx.doi.org/10.1023/A:1019004720871
https://dx.doi.org/10.1006/jcat.1994.1263
https://dx.doi.org/10.1006/jcat.1994.1263
https://dx.doi.org/10.1006/jcat.1994.1263
https://dx.doi.org/10.1021/jp1121799
https://dx.doi.org/10.1021/jp1121799
https://dx.doi.org/10.1021/jp1121799
https://dx.doi.org/10.1021/cs400566y
https://dx.doi.org/10.1021/cs400566y
https://dx.doi.org/10.1016/j.jcat.2011.06.008
https://dx.doi.org/10.1016/j.jcat.2011.06.008
https://dx.doi.org/10.1016/j.apcata.2004.10.004
https://dx.doi.org/10.1016/j.apcata.2004.10.004
https://dx.doi.org/10.1016/j.apcata.2004.10.004
https://dx.doi.org/10.1038/s41557-018-0125-5
https://dx.doi.org/10.1021/jp410607k
https://dx.doi.org/10.1021/jp410607k
https://dx.doi.org/10.1021/jp410607k
https://dx.doi.org/10.1002/zaac.201000097
https://dx.doi.org/10.1002/zaac.201000097
https://dx.doi.org/10.1002/zaac.201000097
https://dx.doi.org/10.1007/s11244-010-9448-1
https://dx.doi.org/10.1007/s11244-010-9448-1
https://dx.doi.org/10.1007/s11244-010-9448-1
https://dx.doi.org/10.1021/ja809291e
https://dx.doi.org/10.1021/ja809291e
https://dx.doi.org/10.1021/ja809291e
https://dx.doi.org/10.1021/acscatal.6b03603
https://dx.doi.org/10.1021/acscatal.6b03603
https://dx.doi.org/10.1063/1.2126662
https://dx.doi.org/10.1063/1.2126662
https://dx.doi.org/10.1063/1.2126662
https://dx.doi.org/10.1021/ja504573a
https://dx.doi.org/10.1021/ja504573a
https://dx.doi.org/10.1016/0021-9517(65)90271-X
https://dx.doi.org/10.1016/0021-9517(65)90271-X
https://dx.doi.org/10.1016/j.cattod.2012.09.034
https://dx.doi.org/10.1016/j.cattod.2012.09.034
https://dx.doi.org/10.1016/j.cattod.2012.09.034
https://dx.doi.org/10.1080/08957959608201408
https://dx.doi.org/10.1080/08957959608201408
https://dx.doi.org/10.1016/j.nimb.2009.09.053
https://dx.doi.org/10.1016/j.nimb.2009.09.053
https://dx.doi.org/10.1016/0927-0256(96)00008-0
https://dx.doi.org/10.1016/0927-0256(96)00008-0
https://dx.doi.org/10.1016/0927-0256(96)00008-0
https://dx.doi.org/10.1103/PhysRevB.54.11169
https://dx.doi.org/10.1103/PhysRevB.54.11169
https://dx.doi.org/10.1103/PhysRevB.47.558
https://dx.doi.org/10.1103/PhysRevB.47.558
https://dx.doi.org/10.1103/PhysRevB.49.14251
https://dx.doi.org/10.1103/PhysRevB.49.14251
https://dx.doi.org/10.1103/PhysRevB.49.14251
https://dx.doi.org/10.1103/PhysRevB.50.17953
https://dx.doi.org/10.1103/PhysRevLett.77.3865
https://dx.doi.org/10.1103/PhysRevLett.77.3865
https://dx.doi.org/10.1103/PhysRevB.13.5188
https://dx.doi.org/10.1103/PhysRevB.13.5188
https://dx.doi.org/10.1103/PhysRevB.40.3616
https://dx.doi.org/10.1103/PhysRevB.40.3616
https://dx.doi.org/10.1063/1.1329672
https://dx.doi.org/10.1063/1.1329672
https://dx.doi.org/10.1063/1.1329672
https://dx.doi.org/10.1088/1361-648X/aa680e
https://dx.doi.org/10.1088/1361-648X/aa680e
https://dx.doi.org/10.1088/0965-0393/18/1/015012
https://dx.doi.org/10.1088/0965-0393/18/1/015012
https://dx.doi.org/10.1016/j.jcat.2006.04.004
https://dx.doi.org/10.1016/j.jcat.2006.04.004
https://dx.doi.org/10.1016/j.jcat.2006.04.004
https://dx.doi.org/10.1021/jp067414k
https://dx.doi.org/10.1021/jp067414k
https://dx.doi.org/10.1021/jp067414k
https://dx.doi.org/10.1007/BF02648698
https://dx.doi.org/10.1007/BF02648698
https://dx.doi.org/10.1039/C4RA04809A
https://dx.doi.org/10.1039/C4RA04809A
https://dx.doi.org/10.1039/C4RA04809A
https://dx.doi.org/10.1080/01614949708006468
https://dx.doi.org/10.1080/01614949708006468
https://dx.doi.org/10.1080/01614949708006468
https://dx.doi.org/10.1016/j.intermet.2008.01.002
https://dx.doi.org/10.1016/j.intermet.2008.01.002
https://dx.doi.org/10.1021/acs.chemmater.8b04774
https://dx.doi.org/10.1021/acs.chemmater.8b04774
https://dx.doi.org/10.1038/nchem.2226
https://dx.doi.org/10.1038/nchem.2226
https://dx.doi.org/10.1021/jp064422s
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.9b01373?ref=pdf


PtIn and PtSn Catalysts Supported on Carbon. J. Phys. Chem. C 2007,
111 (12), 4710−4716.
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