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ABSTRACT: This article describes the synthesis and catalytic properties of _Propane Dehydrogenation PtP,
supported, 2—3 nm platinum phosphide (PtP,) nanoparticles (NPs). &' —(——t - - - O n
Depending on the P loading, two PtP, structures are formed, that is, a 2 :: Isolated Pt2* 0%~

PtP, surface on a (metallic) Pt core (Pt@PtP,) and single-phase PtP, NPs. % 86 x do O)
The structures were determined using extended X-ray absorption fine £ 8o e - O
structure , in situ synchrotron X-ray diffraction, and scanning transmission B 7 S ° &“ &0
electron microscopy. In PtP, NPs, Pt*" ions are geometrically isolated by P,>~ E 17;2 '\\ Pt
ions, at a Pt—Pt distance of 4.02 A, which is much longer than 2.78 A in 2 60 Pt NPs te 0 Qg
(metallic) Pt NPs. The oxidation state of Pt in PtP, NPs was determined by g 55 Yo 0

in situ X-ray absorption near-edge structure and in situ X-ray photoelectron o 8 cLonv;fsiozz (,,Zi 30 36 0" 0¢g

spectroscopy and was found to be consistent with Pt** ions even after
treatment in H, at 550 °C. Unlike Pt NPs, which are highly active for
propylene hydrogenation at room temperature, PtP, NPs are not active below about 150 °C, suggesting the absence of metallic
surface Pt. In contrast to metallic Pt, which is poorly selective for acetylene hydrogenation, PtP, NPs display high selectivity toward
ethylene. PtP,, also has high olefin selectivity for propane dehydrogenation, although the rate per g Pt is about 7 times lower than
that of metallic Pt NPs of the same size. In situ resonant inelastic X-ray scattering spectroscopy shows that the energy of the filled Pt
5d valence orbitals is 1.5 eV lower than that of metallic Pt, which leads to weaker adsorbate binding consistent with its catalytic

properties. A H,-stable Pt** site suggests different catalytic applications for these catalysts as compared to Pt NPs.

KEYWORDS: isolated P£* catalytic site, PtP, nanoparticle, propane dehydrogenation, in situ X-ray absorption spectroscopy,

in situ resonant inelastic X-ray scattering

1. INTRODUCTION

The majority of commercial processes for production of
petrochemicals and fuels utilize heterogeneous catalysts, and
platinum is one of the most versatile active metals for many
reactions. Pt is highly effective for both oxidation and
reduction reactions, and for the majority of these applications,
metallic Pt is the active form of the catalyst. In addition,
bimetallic alloys'™'% are generally more selective and stable
and have been widely studied for hydrogenation/dehydrogen-
ation,”'" naphtha reforming,”'>"* water gas shift reaction, *">
biomass reforming,16 auto-exhaust emission control, CO and
hydrocarbon oxidation,'”'® electrocatalytic transforma-
tion,'”~*' etc. For example, Pt—Sn bimetallic catalysts have
been widely studied and used as industrial catalysts for propane
dehydrogenation to propylene.””** The incorporated Sn atoms
dilute large Pt ensembles, which effectively inhibits side
reactions such as hydrogenolysis and coke formation. In
addition, Sn modifies the energy of the Pt 5d orbitals, which
weakens the metal—adsorbate bond energies. However, Pt-
based bimetallic catalysts still suffer from coking and sintering
and require carbon-burning and Cl,-regenerative treatments,
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while phase segregation and separation occasionally occurs,
causing irreversible deactivation of bimetallic catalysts.”*~>°
Because of their industrial and fundamental importance, the
development of new catalytic materials with new properties
and potentially new reactions remains an active research field.

Metal phosphides can usually be understood as P-doped
metal “alloys”, and the bond formation of metal and P atoms
can greatly modify the geometric and electronic structures of
metal atoms, similar to bimetallic alloys.”” ™" However,
compared with bimetallic alloys, the smaller size and higher
electronegativity of P atoms offer additional flexibility for
obtaining desired properties, which provides a feasible strategy
for robust catalyst design.’”’' Metal-rich phosphides, for
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example, M;P, M,P, and MP, with structures containing
metal—metal bonds, display metallic properties for a number of
heterogeneous catalytic applications™” including electrochem-
istry”® for hydrogen evolution,”™** hydroprocessing for the
removal of S, N, and O from p<etroleum,27’36_40 olefin
hydroformylation,”" alkane dehydrogenation,””~** and so
forth. Transition-metal phosphides often have high thermal
stability, which suggests that these might be potential catalysts
for high-temperature reactions.”>™*® For example, Ni,P has
higher olefin selectivity than Ni nanoparticles (NPs) for
propane dehydrogenation at 550 °C. The improved olefin
selectivity was suggested to be due to weaker olefin adsorption
and better coke resistance."”** A more metal-rich phase,
Ni,sP,, however, led to increased deactivation.”* Similar
findings were found for Ru phosphide catalysts. RuP
nanocrystal catalysts displayed high olefin selectivity and better
stability for propane dehydrogenation than Ru,P.*” In contrast
with Ni, Fe, and Ru NPs, which convert alkanes to methane
and coke with little selectivity to olefins, metal phosphides with
a proper structure can have the high activity of Group 8 metal
NPs but with high catalytic selectivity and improved stability.
The thermal stability and excellent catalytic performance of
Ni,P and RuP compared to those of pure metal NPs suggest
that Pt phosphide (PtP,) might also be an effective
hydrogenation/dehydrogenation catalyst.

In this work, we report a series of supported, 2—3 nm PtP,
catalysts with non-metallic character. The PtP, catalyst
structures were determined using in situ X-ray absorption
spectroscopy (XAS), in situ synchrotron X-ray diffraction
(sXRD), and scanning transmission electron microscopy
(STEM). The oxidation state of Pt in the PtP, catalysts was
determined to be Pt** using X-ray absorption near-edge
structure (XANES) and X-ray photoelectron spectroscopy
(XPS). Thus, the catalytic site in PtP, NPs is an isolated Pt**
ion on the NP surface. In situ resonant inelastic X-ray
scattering (RIXS) was used to determine the effect of P,>” ions
on the energy of the Pt S5d valence orbitals as compared to
monometallic Pt NPs. The structural and electronic changes
provide a fundamental understanding of the role of P in the
catalytic performance. Propane dehydrogenation, propylene
hydrogenation, and selective acetylene hydrogenation were
performed to evaluate the catalytic properties. Unlike metallic
Pt NPs, PtP, does not chemisorb CO or hydrogenate olefins at
room temperature (RT). PtP, catalysts display high olefin
selectivity for propane dehydrogenation with rates approaching
those of metallic Pt NPs and significantly higher than those of
other non-metallic, single-site dehydrogenation catalysts. PtP,
shows significantly higher ethylene selectivity for acetylene
hydrogenation than Pt NPs. These results demonstrate that the
different catalytic properties of isolated Pt** catalytic sites
endow them with potential for exhibiting a better performance
than Pt NPs for some reactions, especially those in which
single-site ions are the preferred active sites.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. All catalysts were synthesized by
sequential incipient wetness impregnation (IWI). To prepare
Pt/SiO, with a target Pt loading of 2 wt %, 0.2 g of tetraamine
platinum nitrate [Pt(NH;),(NO;),, 99.995%] was dissolved in
2.75 mL deionized water, and concentrated NH,OH was
added to obtain a clear solution with pH around 11. This
solution was added dropwise to 5.0 g silica gel (SiO,, 480 m*/
g, 0.75 mL/g pore volume, 99%) with continuous mixing. The

obtained sample was dried at RT for 3 h before drying at 105
°C overnight and then calcined at 225 °C for 3 h. The
reduction step of Pt/SiO, was performed under 5% H,/N, at
225 °C for 30 min, then at 250 °C for 30 min, followed by 550
°C for another 30 min.

To prepare Pt—P catalysts, Pt/SiO, was first obtained by the
above method but not reduced. The amount of phosphoric
acid [H3PO,, 85% aq] based on the P/Pt molar ratios of 10:1,
20:1, and 50:1 was dropwise added to the unreduced Pt/SiO,.
The obtained solid was dried at RT for 3 h before drying in an
oven at 105 °C overnight and then calcined at 600 °C for 1 h.
The Pt—P samples were finally reduced at 550 °C under 5%
H,/N,. The obtained catalyst was denoted as Pt-P-x, where x
denotes the molar ratio of P/Pt. Pt-P-10, Pt-P-20, and Pt-P-50
were synthesized using this method. For comparison, a P/SiO,
sample was prepared using the same method and with the
same P loading as that of the Pt-P-50 sample.

2.2, Characterizations. 2.2.1. Scanning Transmission
Electron Microscopy. The atomic resolution microscopy
analysis of Pt—P catalysts was performed on a JEM
ARM200F thermal-field emission microscope with a probe
Cs-corrector working at 200 kV, which is located at the Center
for Electron Microscopy of Dalian Institute of Chemical
Physics (DICP), Chinese Academy of Sciences. In the high-
angle annular dark-field (HAADF) imaging, a convergence
angle of ~23 mrad and a collection angle range of 68—174
mrad were adapted for the incoherent atomic number imaging.

Additionally, the Titan Themis G3 environmental trans-
mission electron microscope (Thermo Scientific Company)
operated at 300 kV in the TEM mode was utilized as
complementary to the ARM200F microscope for imaging the
Pt-P-50 catalyst. For all the STEM/TEM sample preparation,
catalysts were dispersed in ethanol and dropped onto copper
grids and dried on a hot plate (150 °C). Several images were
taken from randomly selected locations on the catalysts to
analyze the size distribution based on over 400 NPs.

2.2.2. In Situ XAS. In situ XAS measurements at the Pt L,
edge (11.564 keV) in transmission mode were performed at
the 10-BM-B beamline at the Advanced Photon Source (APS),
Argonne National Laboratory. Catalysts and reference
compounds were ground into fine powders and pressed into
a sample holder containing six wells. Then, the holder was
loaded into a quartz tube allowing gas flow so that samples
could be treated prior to measurements. The catalysts were
treated with 3.5% H,/He at 550 °C and then cooled to RT in
flowing He before moving to the beamline to acquire data. For
internal energy calibration, a Pt foil scan was simultaneously
obtained. Athena software was used to calibrate energy and
normalize the data, and the edge energy was determined by the
first maximum peak in the first derivative of the XANES
spectra.”® Extended X-ray absorption fine structure (EXAFS)
spectra were fit using a least-squares fit in R-space of k>
weighted Fourier transform (FT) to determine the coordina-
tion number (CN) and bond distances (R) between Pt and its
neighbors using the Artemis software,*® and the k range for FT
of the Pt L, edge was Ak = 2.75 — 12.0 A™". The S,” value was
determined from fitting the Pt foil standard. The ¢* values
were determined from the k’-weighted EXAFS of the inverse
FT of the isolated first shell in k-space for each catalyst.

2.2.3. X-ray Photoelectron Spectroscopy. XPS measure-
ment was performed using a Kratos AXIS Ultra DLD Imaging
spectrometer, using monochromatic Al Ka radiation as an
excitation source. Prior to spectral acquisition, fresh catalysts
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were reduced in a catalyst cell by 5% H, balanced with Ar at
550 °C for 1 h, and then transferred under ultrahigh vacuum
into the analysis chamber without exposure to air. The data
were analyzed with CasaXPS software. For charge correction,
the C Is peak of the adventitious carbon was set to a binding
energy of 284.8 eV. The Shirley type background was
substracted and curve-fitting was performed using the synthetic
function of Lorentzian blended with Gaussian.

2.24. In Situ sXRD. In situ sXRD measurements were
performed at the 11-ID-C beamline at the APS, Argonne
National Laboratory. The data were collected in the trans-
mission mode using a PerkinElmer large-area detector and
using X-rays of 4 = 0.1173 A at 105.091 keV calibrated by
fitting the diffraction pattern of the CeO, reference. Samples
were pressed into thin wafers, then loaded into a Linkam
Scientific TS1500 heating stage equipped with water cooling.
Prior to measurements, the stage was purged with He for 5 min
at RT and then ramped to 550 °C in 3.5% H,/He at 50 mL/
min. Diffraction patterns were acquired after reduction at 550
°C for 20 min, and also collected at 35 °C after being cooled
down in the same atmosphere. The 2-D scattering images were
integrated to 1-D intensity versus 26 plots by using Fit2D
software.”” Materials Analysis Using Diffraction (MAUD)
software was used to simulate standard diffraction patterns of
Pt face-centered cubic (fcc) and PtP, phases, which were used
to determine the crystal structure of Pt—P catalysts in
comparison with experimental diffraction patterns.>’

2.2.5. In Situ RIXS. RIXS measurements were performed at
the MR-CAT 10-ID beamline at the APS, Argonne National
Lab. Samples were pressed into self-supporting wafers and
were placed at a 45° angle with respect to the incident beam.
The small reactor with internal resistively heated plates has
been previously described.”’ Samples were reduced at 550 °C
in 3% H,/He at 50 mL/min for 20 min and then cooled to 200
°C for measurement.

A spectrometer based on the Laue geometry was used for
RIXS measurements and has been described previously.” The
cylindrically bent silicon analyzer crystal had the following
properties: p = 350 mm, a thickness of S5 um, [100] wafer
normal, and (133) reflection. The entire emission spectrum
was collected at each incident energy; both the analyzer and
detector positions were fixed during measurements.

2.2.6. In Situ Infrared Spectroscopy. In situ diffuse
reflectance infrared FT (DRIFT) spectra were collected on a
Nicolet iS50 spectrometer with a mercury cadmium telluride
detector cooled by liquid nitrogen. Prior to the test, ~20 mg of
the sample was reduced at 550 °C under 5% H, for 30 min,
and the background spectrum was collected after purging with
N, at RT for 40 min. Then, the prereduced samples were
exposed to 10 vol % CO in N, at 25 °C for 40 min, and the
sample IR spectra were collected after purging with N, for 40
min.

2.3. Catalytic Evaluation. 2.3.1. Propylene Hydrogena-
tion and Propane Dehydrogenation. Propylene hydro-
genation and propane dehydrogenation were carried out on
a quartz fixed-bed reactor with a quartz tube of 3/8 in. OD. To
vary the initial conversion, the loaded catalysts ranging from 10
to 300 mg were diluted with SiO, to 1.0 g. A thermocouple
was placed at the center of the catalyst bed to measure the
reaction temperature. Before each test, the catalyst was
reduced for 30 min at 550 °C with 100 mL/min 5% H,/N,.
The flow of 5% C;Hg and 5% H, was adjusted to vary the
initial conversion for PDH at a reaction temperature of 550 °C.

The gas products were analyzed with an Agilent 7890A gas
chromatograph system equipped with a flame ionization
detector. In PDH, five kinds of light hydrocarbons were
detected: CH,, C,H,, C,H,, C;Hg, and C;H,. The propane
conversion and propylene selectivity were calculated using eqs
1 and 2. The rate of reaction was calculated using eq 3. A first-
order deactivation model was used to estimate the rate of
catalyst deactivation, and the deactivation coefficient (k;) was
determined as shown in eq 4, where Conv, is defined as the
initial conversion and Conv, is the conversion at time t.

Conversion (%)

moles of C;Hg in inlet — moles of C;Hg in outlet

moles of C;H, in inlet

x 100% (1)
Selectivity (%)
moles of C;H % 100%
- 2 X moles of C, moles of CH, °
moles of C;H + 3 3
()
molar flow rate of C;Hg X conversion
Rate =
moles of Pt (3)
ln(l — Conv, ) _ ln( 1-— Convo)
k _ Cony, Cony,
d t 4)

2.3.2. Selective Acetylene Hydrogenation. Selective hydro-
genation of acetylene was carried out in a 6 mm OD quartz
tube with glass wool plugs on each side to retain the catalyst.
Pt/SiO, and Pd/AL,O; catalysts were used as reference
catalysts, with 20 mg of catalyst diluted with an equal volume
of SiC. Due to their lower reactivity, the Pt—P powders were
tested with 180 mg of catalyst to achieve similar conversions of
acetylene. A thermocouple was placed in the catalyst bed to
measure the reaction temperature. Before each test, each
catalyst was reduced for 60 min at 350 °C with 50 mL/min 4%
H,/N,. The reactant gas was composed of 1% C,H,, 4% H,
and the rest balanced with N, at a total flow rate of 50 mL/
min. The acetylene conversion and ethylene selectivity were
calculated as shown below

acetylene conversion (%)

moles of C,H, in inlet — moles of C,H, in outlet

moles of C,H, in inlet

X 100% ©)

ethylene selectivity (%)

moles of C,H, in outlet

moles of C,H, in inlet — moles of C,H, in outlet

X 100% (6)

3. RESULTS

3.1. Synthesis of Silica-Supported PtP, Catalysts.
Transition-metal phosphides are most often synthesized as
colloidal NPs using metal—organic precursor decomposition,”
solvothermal,” and solid-phase reaction* methods. Typically,
the NP sizes are larger than 5 nm, and often much larger,

https://doi.org/10.1021/acscatal.1c03970
ACS Catal. 2021, 11, 13496—13509


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

25 4
3 \ 2.1 nm
5
2
z
e 154
@
g’ 10
<
w
54
0 —— - T T
1 2 4 5 6

3
Particle Size (nm)

4'/\\‘
" 2.6 nm

Frequency (%)

12
8
6
4
2
0
1 2

0 3 4 5 6 1

Particle Size (nm)

1
_n [a
1 TN 2.7 nm
g,
e -
5}
g s
©
& 4/
2
Nl

o 1 2 3 4 5 6 1
Particle Size (nm)

164 -
T
— 144 \
3 2.4 nm
;12- ““
© 104
F f
g 84
o 64
o
woy,
24 /
ol==[lll

1 2 3 4 5 & 1
Particle Size (nm)

°

Figure 1. STEM images and particle size distributions for (a) Pt/SiO,, (b) Pt-P-10, (c) Pt-P-20, and (d) Pt-P-S0.
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Figure 2. k*-weighted magnitudes of the FT of EXAFS spectra at the Pt L, edge of (a) Pt foil (dash line) and Pt/SiO, (black line), (b) Pt/SiO,
(black line), Pt-P-10 (red line), Pt-P-20 (purple line), and Pt-P-50 (blue line).

Table 1. Edge Energy and EXAFS Data at the Pt L; Edge for the Fully Reduced Supported Pt Catalysts

catalyst edge energy (keV) scattering path
Pt/SiO, 11.5640 Pt—Pt
Pt-P-10 11.5652 Pt—Pt
Pt—P
Pt-P-20 11.5654 Pt—Pt
Pt—P
Pt-P-50 11.5655 Pt—P

R (A) CN s
2.74 + 0.02 84 + 0.8 0.007 + 0.001
2.76 + 0.01 24 + 04 0.007 + 0.001
2.33 + 0.02 3.5+02 0.007 + 0.001
2.76 + 0.01 1.8 + 0.4 0.007 + 0.001
2.34 + 0.01 37405 0.007 + 0.001
2.36 + 0.01 44 + 04 0.007 + 0.001

which are not ideal for catalytic applications. In addition, the
synthesis approaches are not easily reproduced for large scale
applications. Here, PtP, are directly synthesized on a higher
surface area oxide support. The synthesis approach is to first
impregnate an aqueous solution of Pt(NH;),(NO;), onto the
silica surface in NH,OH. The basic solution deprotonates the
support hydroxyl groups leading to a negative surface charge.
Under these impregnation conditions, the Pt(NH,),>* ions are
uniformly distributed.” After drying, aqueous solutions of
phosphoric acid are added, dried, and heated in air to 600 °C.
Because these catalysts will be used for hydrogenation
reactions, they were additionally reduced at 550 °C. At these
high temperatures, the metal salts reduce to form PtP,. P to Pt

13499

molar ratios were from 1 to 50. For P to Pt ratios below about
4, the NPs were largely metallic Pt, while at ratios greater than
about 10, predominantly PtP, was formed.

The particle sizes of these Pt—P catalysts as well as Pt/SiO,
were determined by STEM. The uniform distribution of the
bright spots suggests a narrow range of the particle sizes shown
in Figure 1. The particle size distributions of all catalysts are
similar ranging between 2 and 3 nm. For example, the average
particle size of Pt/SiO, is 2.1 nm, and the average particle sizes
of Pt-P-10, Pt-P-20, and Pt-P-50 are 2.7, 2.6, and 2.4 nm,
respectively.

3.2. Geometric Structures of Pt and Pt—P NPs. The
local Pt coordination was determined by XAS at the Pt L; edge

https://doi.org/10.1021/acscatal.1c03970
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(11.564 keV). Figure 2 shows the k*-weighted magnitudes of
the FT of the EXAFS spectra of Pt and Pt—P NPs. The
magnitude and imaginary parts of the FT of the EXAFS at the
Pt L; edge of all catalysts were fitted to determine the CN and
bond distances (R), as shown in Figure S1 and Table 1. The
spectrum of Pt/SiO, shows the same shape and peak position
as that of a Pt foil (Figure 2a), where there are three main
peaks between about 2 and 3 A (phase uncorrected distance),
indicating these samples were fully reduced. The Pt—Pt CN
(CNp._p;) of Pt/SiO, was 8.1 at 2.74 A, and a lower CNp,_p,
and a slightly shorter bond distance (2.74 A) compared to
those of the Pt foil (2.77 A) are typical characteristics of NPs.*°

For comparison, the k*-weighted magnitudes of the FT of
the EXAFS spectra of Pt and Pt—P NPs are shown in Figure
2b. The Pt-P-50 catalyst (blue spectrum) has a very different
spectrum from that of Pt NPs (black spectrum). A large peak
located around 2 A indicates the presence of shorter bonds, but
no peaks were observed in the region where Pt—Pt scattering is
expected. The spectrum was fitted with a Pt—P scattering, from
which a Pt—P CN (CNp,_p) of 4.4 at 2.36 A was obtained.

Compared with Pt-P-50 and Pt NPs, the EXAFS spectra of
Pt-P-10 and Pt-P-20 catalysts show a large peak at about 2 A
and much smaller peaks between 2 and 3 A, suggesting the
presence of Pt—P bonds and a small fraction of Pt—Pt bonds,
respectively, as shown in Figures 2b and S2. Thus, two
scattering pairs of Pt—Pt and Pt—P were used to fit the EXAFS
of Pt-P-10 (Figure S1), resulting in a CNp,_p, of 2.4 at 2.76 A
and a CNp,_p of 3.5 at 2.33 A. A Pt—Pt bond distance of 2.76 A
is characteristic of metallic Pt. The small CN in these two
samples suggests only minor amounts of metallic Pt. As the P
loading increases, for example, Pt-P-20, the CNy,_p, decreases
slightly to 1.8 at 2.76 A and the CNp,_p increases to 3.7 at 2.33
A

‘While XAS shows there are Pt—P bonds in these catalysts, X-
ray absorption is a local scattering technique and does not
provide information on the crystalline order of the NPs.
Because of their small size, in situ sXRD was required to
identify the phase. Due to the high X-ray energy (105.70 keV
or 2 = 0.1173 A), the resulting diffraction patterns were
obtained at lower 260 angles than those from a laboratory
diffractometer, typically from 0 to 10°, as shown in Figure 3.
The high flux of the synchrotron X-ray beam also gives a better
signal-to-noise ratio to characterize the NPs. In order to reduce
the effects of thermal strain, the sXRD patterns for all the

Intensity (a.u.)

2 3 4 5 6 7 8 9
20

Figure 3. Synchrotron XRD patterns of Pt-P-10 (red line), Pt-P-20
(purple line), Pt simulation (black line, ICSD 9012957), and PtP,
simulation (green line, ICSD 9015002).

catalysts were obtained at RT in a H, atmosphere after
reduction in H, at 550 °C. Figure 3 shows the reflections of Pt-
P-10 match those of the simulated Pt fcc structure. Although
XAS suggested two components in Pt-P-10, the sXRD pattern
shows only metallic Pt NPs. It is likely that scattering from the
small size and the weak scattering of the P atoms in the
diffraction pattern of the PtP, regions could not be detected.
For Pt-P-20, in addition to the characteristic peaks of Pt fcc,
there are additional peaks in the sXRD pattern, which match
with those of PtP, (ICSD 9015002). For Pt-P-50, there were
large peaks due to the P species that dominated the diffraction
pattern, as shown in Figure S3, thus the structure of the Pt—P
phase could not be determined.

To confirm the structure of the Pt-P-50 catalyst, HAADF
STEM was conducted on Pt-P-50, and the image is shown in
Figure 4. The atomic resolution STEM shows a highly ordered
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Figure 4. High-resolution STEM image of the Pt-P-50 catalyst.

NP with a zone axis (001) for Pt-P-50. The lattice spacing of
2.81 A is ascribed to (020) and (200) planes of the PtP,
structure. The image contrast confirms that Pt-P-50 shows a
fully ordered PtP, structure in agreement with the EXAFS
results.

In summary, Pt-P-50 has a fully ordered PtP, structure, as
confirmed by STEM and EXAFS, whereas there are both Pt
and PtP, domains within the NPs present in Pt-P-10 and Pt-P-
20, as evident from EXAFS and XRD. To better understand
the structures of the latter two catalysts, the surface
composition of the NPs was determined by difference analysis
of in situ XAS under reducing and mild oxidizing
conditions.”” The k*-weighted magnitudes of the FT of
EXAFS spectra of the reduced and oxidized Pt—P catalysts are
shown in Figure 5. There is no change in these spectra
between reduced (solid) and oxidized (dotted) for either PtP,
structure (Figure Sb) or the Pt-P-20 catalyst (Figure Sa),
which contains both PtP, and Pt. Similar results were obtained
for Pt-P-10 (Figure S4). The XANES spectra of the Pt-P-50,
Pt-P-20, and Pt-P-10 (Figure S5) also showed no change upon
oxidation consistent with the EXAFS results.

Metallic Pt is oxidized in air at RT leading to the loss of Pt—
Pt bonds and the formation of Pt—O bonds. The absence of Pt
oxidation in Pt-P-10 and Pt-P-20 suggests that there is no
metallic Pt surface but likely is PtP,. Thus, the remaining Pt—
Pt scattering observed by XAS and sXRD is from the NP core.
In other words, Pt-P-10 and Pt-P-20 appear to be core—shell
structures with a PtP, shell with a metallic Pt core. The core—
shell structure is also confirmed by the catalytic performance,
which will be shown later. The absence of exposed metallic Pt
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Figure 5. The k*-weighted magnitudes of the FT of EXAFS spectra for (a) reduced (purple solid line) and oxidized (purple dashed line) Pt-P-20

and (b) reduced (blue solid line) and oxidized (blue dashed line) Pt-P-50.

is also confirmed by the DRIFT spectra of CO. Pt NPs readily
absorb CO; while there are no DRIFT spectral peaks of PtP,
exposed to CO (Figure S6). The lack of reactivity with RT air
and the inability to absorb CO suggest that the chemical
reactivity of PtP, is very different from that of Pt NPs.
Figure 6 shows the XANES spectra of the Pt—P samples
together with Pt NPs. The XANES spectra of Pt/SiO, (black
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Figure 6. Normalized XANES spectra at the Pt L; edge of Pt/SiO,
(black line), Pt-P-10 (red line), Pt-P-20 (purple line), and Pt-P-S0
(blue line).

line) show that the shape, white line intensity, and edge energy
are similar to those of the Pt foil, as shown in Figure S7. The
edge energy was determined from the inflection of the leading
edge of the XANES spectrum for all samples and is given in
Table 1. For all Pt—P catalysts, the edge shifted to higher
energies, and there is an increase in the intensity of the white
line, that is, the first peak beyond the edge. The white line
intensity is associated with ionization of the 2p electron to the
unfilled Pt 5d orbitals, and an increased intensity is consistent
with fewer electrons in Sd orbitals, that is, a higher oxidation
state. As the amount of P in the catalysts increased, both the
edge energy and the white line intensity increased slightly
(Table 1). The maximum XANES edge energy shift of 1.5 eV
and the maximum white line intensity were observed for the
Pt-P-50 catalyst (PtP, NPs). Because Pt-P-20 and Pt-P-10 have
core—shell structures, that is, contain both metallic Pt and
PtP,, the edge energies were slightly lower than that of Pt-P-50.

The XANES linear combination fitting for Pt-P-20 and Pt-P-
10 was done to estimate the compositions of Pt and PtP, as
shown in Figure S8 and Table S1. The Pt/SiO, and Pt-P-50
were used as the reference standards for the XANES fits. The
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fraction of metallic Pt is estimated to be 25 and 15% for Pt-P-
10 and Pt-P-20, respectively.

One can estimate the volume of the Pt core from the
fraction of Pt atoms by XANES, as well as the TEM size and
size of the Pt unit cell. The Pt unit cell size is 0.392 nm, which
gives a cell volume of 0.06 nm®. The number of atoms in a NP
of different sizes can be estimated by 4/37R%. NPs of 1, 1.5, 2,
and 2.5 nm have about 9, 29, 70, and 136 atoms, respectively.
For NPs with about 20% of metallic atoms at the core, this
would be about 27 atoms, or about 1.5 nm size. Thus, the shell
is about 0.5 nm giving 2.5 nm PtP, on the Pt core. These
estimates suggest a surface PtP, of about 2—3 atomic layers in
the core—shell catalysts.

3.3. Chemical State of Pt in PtP, NPs. In situ XPS was
employed to determine the oxidation state of Pt in the Pt—P
catalysts, Figure 7. The Pt 4f region consists of two

Pt-P-50

Intensity / a.u.

Pt/SiO,

80 70

Binding Energy / eV

85 65

Figure 7. Pt 4f XPS spectra of catalysts after reduction at 550 °C with
H,. Raw data (red solid line), fitting curve (black solid line), Pt° state:
Pt 4f,,, (green solid line) and Pt° 4f;, (blue solid line), Pt** state: Pt
4f,,, (green dashed line), and Pt 4f;,, (blue dashed line).

components, which correspond to two spin—orbital splitting
peaks of Pt 4f;,, (at lower binding energy) and Pt 4f;,, (at
higher binding energy). As a reference, Pt/SiO, exhibits a Pt
4f,,, peak at 71.8 eV, which is assigned to metallic Pt. This
value is higher than the binding energy of the Pt bulk metal of
71.0 eV, due to the decreased extra-atomic relaxation of small
metal particles.”® For Pt-P-50, the Pt 4f,/, binding energy is
73.0 eV, 1.2 eV higher than that of Pt NPs, which can be
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Figure 8. L; RIXS planes of (a) Pt/SiO, and (b) PtP,/SiO,.

attributed to Pt** in the NPs consistent with the shift to higher
energy in the XANES spectra. In addition, the binding energy
of the P 2p peak is 135.3 eV (Figure S9), indicating that the
majority of P, which is present in large excess of that required
to form PtP,, are present as P**, likely P,O5.>”

3.4. Determination of the Energy of the (Filled) Pt 5d
Valence Orbitals. The XANES and XPS results suggest that
the energy of the Pt 5d valence orbitals is significantly different
from that of metallic Pt NPs. For example, the formation of
PtP, increases the unfilled 5d orbital energies suggested by the
Ly; edge XANES. The increase in the 4f XPS binding energies
also suggests a change in the energy of the Pt 5d valence
orbitals. Both techniques, however, are indirect measurements
of the energy of the filled 5d orbitals, which are primarily
responsible for catalytic performance.”” To directly quantify
the effect of P on the energy of the filled valence states in PtP,,
in situ RIXS measurements were conducted on Pt/SiO, and
PtP,/SiO, (Pt-P-50), that is, where every Pt atom has the same
structure. The energy difference between the unfilled and filled
Pt 5d states was determined by the measurements of the L,
absorption edge and Lfs emission lines. Figure 8 shows the
experimentally measured RIXS spectra for Pt/SiO, and PtP,/
SiO, as 2-D contour plot maps, where the energy transfer
(AE), or the difference in average energy of the filled and
unfilled 5d orbitals, is a function of the incident photon energy
(Q). The location of maximum intensity can be used to
determine the difference between the average energies of the
filled and unfilled Sd orbitals. The maximum intensity of Pt
catalysts occurs at = 11564.4 eV with AE of 2.7 eV in
accordance with literature.’’ Upon forming PtP,, the
maximum RIXS intensity shifts to a higher Q of 11 567.0 eV
and higher energy transfer, ca. AE ~ 5.7, 3.0 eV larger than
that in Pt NPs. Because the energy of unfilled valence states in
PtP, was 1.5 eV higher than that in the monometallic Pt
determined by XANES in Figure 6, the energy of filled 5d
valence orbitals in PtP, was 1.5 eV lower than that in Pt NPs.
The schematics of the energy level diagram for Pt Sd valence
bands in Pt/SiO, and PtP,/SiO, are shown in Figure 9.

3.5. Catalytic Properties: Propane Dehydrogenation
and Propylene Hydrogenation. The catalytic performance
of PtP, and Pt NPs catalysts was determined for propylene
hydrogenation and propane dehydrogenation. Because PtP,
did not adsorb CO at RT as confirmed by CO-IR (Figure S6),
it was not possible to determine the fraction of surface Pt using
standard chemisorption methods. However, the average
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Figure 9. Schematics of the energy level diagram for Pt Sd valence
bands in Pt/SiO, and PtP,/SiO,.

particle size and size distributions of Pt NPs and PtP, NPs
(Pt-P-50) are similar, and these two catalysts have uniform
compositions. Thus, the number of surface Pt sites in Pt and
Pt-P-50 per gram catalyst should be very similar, and the rate
per mol Pt can be used to evaluate the relative rates of Pt in
these catalysts.

The rates per g of Pt for the Pt—P catalysts for propylene
hydrogenation and propane dehydrogenation are given in
Table 2. There was no propylene conversion with Pt-P-50 until
the temperature was higher than about 150 °C, which is
consistent with other single-site catalysts, for example,
Co(11),°* Zn(11),"* and Ga(II1);** while Pt/SiO, is highly
active at RT consistent with metallic Pt.°>°° The rates of Pt
NPs and Pt-P-50 for hydrogenation were calculated at a
conversion of ~10% at 150 °C. The rate of Pt NPs is about
900 times higher than that of PtP, (Pt-P-50). The much lower
rate of PtP, than metallic NPs for hydrogenation is also
consistent with the rates of other single-site catalysts, for
example, single-site Zn(1I)/SiO, (Table 2).

Because alkane dehydrogenation is the reverse reaction of
olefin hydrogenation, PtP, catalysts were evaluated for the
former reaction. The conversion and selectivity on P/SiO, and
SiO, are also shown in Figure S10. The performance of P/SiO,
was almost the same as that of SiO,, which had little
contribution to the catalytic performances. Figure 10 shows the
initial selectivity versus conversion of these supported Pt
catalysts for PDH reactions at 550 °C. The addition of H, to
the reaction gases is a more severe test of the catalyst
performance because H, promotes the hydrogenolysis
reaction. The selectivity of the reference Pt/SiO, catalyst
decreased rapidly from 82 to 63% as the conversion increased
from 8 to 27%, which is consistent with the literature.”® By
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Table 2. Catalytic Performance in Propylene Hydrogenation at 150 °C in 3% C;Hg, 5% H, Balance with N, and Propane
Dehydrogenation at 550 °C in 5% C;Hg, and 5% H, Balance with N,

catalyst rate of hydrogenation (molcH /mol M s™")
Pt/SiO, 2.7
Pt-P-10 53 x 1073
Pt-P-20 3.4 %1073
Pt-P-50 32 %1073
Zn(11)/$i0,% 8.4 x 107°
Co(I1)/Si0,**
Ga(II1)//Si0,**

rate of dehydrogenation (molc H,/mol M-s™") selectivity (%)“ kg (1)

8.8 X 1072 64 0.182
1.9 X 1072 97

96
12 x 1072 97 0.147
2.1 % 107* >95
1.8 x 107* >95
5.4 x 107 >98

“Selectivity: propylene selectivity at 25% conversion of propane for Pt—P catalysts.
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Figure 10. Initial selectivity vs conversion in PDH after reduction at
550 °C in 5% C;Hg, 5% H, balance with N, for Pt/SiO, (black), Pt-P-
10 (red), Pt-P-20 (purple), and Pt-P-50 (blue).

contrast, all the Pt—P catalysts show significantly improved
olefin selectivity, generally above 95%, up to ~30% conversion,
as shown in Figure 10. The selectivity of these Pt catalysts at
25% conversion is listed in Table 2 for comparison. For the Pt-
P-50 catalyst, the propylene selectivity remains about 97% at
25% propane conversion. Pt-P-10 and Pt-P-20 show a similar
performance to Pt-P-50, where the selectivity remains above
96% at 25% conversion, which suggests that the surfaces of Pt-
P-10 and Pt-P-20 are likely similar to that of Pt-P-50.

The rates per mole Pt (based on 2 wt % Pt) for PDH were
calculated at 550 °C at around 10% conversion, as shown in
Table 2. The propane conversion rate of Pt/SiO, is 0.088 mol
C;Hg/mol Pt s/, is about seven times higher than 0.012 mol
C;Hg/mol Pt s7' of the PtP, (Pt-P-50) catalyst. The lower
rates and high selectivity of Pt—P catalysts are again consistent
with those of the reported transition metal®***®” and main
group®***” single site-catalysts, as shown in Table 2.

The stability of Pt and PtP, (Pt-P-50) was also evaluated
assuming a first-order deactivation mechanism, and the
deactivation rate constants (k;) are listed in Table 2. Figure
S11 shows the propane conversion versus time-on-stream over
Pt NPs and Pt-P-50 catalysts, where the initial conversion of
both catalysts was ~28%. For both Pt NPs and Pt-P-50, the
conversion declined rapidly over the first 30 min and stabilized
after S h. The ky of Pt-P-20 is 0.147 h™", which is slightly lower
than 0.182 h™" of Pt NPs. The synthesis conditions of PtP,
have not been optimized for deactivation, and alkali addition to
other metal phosphides has been shown to reduce acid sites
from excess phosphate and improve conversion stability.*>*®

3.6. Selective Acetylene Hydrogenation. Hydrogena-
tion of acetylene yields ethylene, which can be further
hydrogenated to ethane. A selective catalyst will be able to
provide high concentrations of ethylene. The selectivity
defined in eq 6 of the experimental section indicates the
ability of the catalyst to suppress the overhydrogenation to
form ethane. 1 wt % Pd/alumina was used as a reference
catalyst because Pd is known to be effective for selective
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Figure 11. Catalysts Pd/ALO; (grey), Pt/SiO, (red), Pt-P-10 (blue), and Pt-P-20 (green) were reduced in 4% H, balance with N, at 350 °C for 60
min and then a feed stream of 1% C,H,, 4% H,, and the rest balanced with N for selective acetylene hydrogenation. (a) Acetylene conversion as a
function of temperature and (b) ethylene selectivity as a function of acetylene conversion.
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hydrogenation of acetylene to ethylene for the production of
polymer grade ethylene®. On the other hand, metallic Pt is not
known to be highly selective for acetylene hydrogenation.
Figure 11a shows the conversion of acetylene as a function of
temperature and increasing conversion. Figure S12 shows the
concentrations of acetylene, ethylene, and ethane for each
catalyst, and the ethylene selectivity as a function of acetylene
conversion is shown in Figure 11b. Metallic Pt is active at
temperatures from 40 to 140 °C, but the selectivity to ethylene
is low and shows a monotonic decrease with increasing
conversion. For the PtP, catalysts, hydrogenation occurs at
higher temperatures due to their lower intrinsic activity, but
ethylene selectivity is significantly higher than that of Pt and
even Pd NPs. In addition, the selectivity remains high at higher
conversions. Table 3 shows the selectivity of these catalysts at

and the CNp,_p increases from 3.5 to 3.7. We hypothesize that
in a reducing environment, Pt NPs were initially formed, and
then the phosphorus diffuses from the surface to the center of
the particle to form PtP, with Pt atoms. The more the amount
of phosphorus, the more the surface PtP, formation was until
the NP consists of pure PtP,, as shown in Figure 12. For all

P loading ‘

Figure 12. Schematics of the evolution of the NP structure with the
increase of P loading.

Table 3. Catalytic Results of Selective Acetylene
Hydrogenation

catalyst Ty, (°C)° ethylene selectivity (%) b
Pd/AlLO; 52 36
Pt/SiO, 72 25
Pt-P-10 15§ 63
Pt-P-20 170 60

“Catalyst bed outlet temperature for 50% acetylene conversion.
bEthylene selectivity at 50% acetylene conversion.

50% conversion of acetylene, showing the improvement
attained with the PtP, catalysts. The loss in selectivity for Pt
NPs can be attributed to the strong binding of ethylene on
metallic Pt with facile hydrogenation to form ethane. While in
the case of PtP,, where Pt is present in the +2 oxidation state,
weaker binding of ethylene allows it to desorb, leading to
improved overall selectivity. Figure 11b clearly shows that the
PtP, catalysts retain their selectivity toward ethylene at high
conversions of acetylene, which is required because acetylene is
a poison for the downstream polymerization catalysts.”*

4. DISCUSSION

4.1. Synthesis and Formation of PtP,. PtP, was
previously prepared by dissociating an organometallic
precursor at 1000—1100 °C, resulting in large particles of
~50 nm.”" In our study, supported PtP, NPs with a particle
size of 2—3 nm were prepared with different amounts of
H;PO, by IWI following a reduction at 550 °C, which is
similar to industrial synthesis methods. The cheap, safe, and
readily available phosphorus source and the relatively low
reduction temperature are suitable for largescale preparations.
After calcination, the oxidized Pt NPs were formed. The
EXAFS spectrum of unreduced Pt-P-50 was well fitted with
Pt—O scattering (Figure S13). After H, reduction at 550 °C,
the PtP, ordered structure was formed confirmed by EXAFS
and STEM. Here, the Pt** ions in PtP, are formed in a high-
temperature reducing environment in agreement with the
reported synthesis conditions for other phosphorus-rich
transition-metal phosphides (MP,/MP;).”'~"* During the
reduction, it is likely that Pt ions dissociate H,, which
facilitates the reduction of phosphate through hydrogen
spillover.”*

In addition to full PtP,, Pt-P-10 and Pt-P-20 display a core—
shell structure (Pt@PtP,) confirmed by EXAFS, sXRD, surface
XAS, and catalytic performance. As the P/Pt molar ratio
increases from 10 to 20, the CNy,_p, decreases from 2.4 to 1.8

catalysts, there is a large excess of P than is required for the
formation of PtP,. The excess P is present at P>* as determined
by XPS. This also suggests phosphate ions, which are not near
the initially formed Pt NPs, cannot be reduced under these
conditions. The same surface of Pt@PtP, and pure PtP, NPs
leads to a similar catalytic performance, for example, a low rate
per mole Pt (compared to Pt NPs), high olefin selectivity, no
CO chemisorption capacity, etc.

4.2. Nature of Surface Pt** lons in PtP, NPs. Pt-P-50
has a fully formed PtP, crystalline structure with Pt—P bonds
at 2.36 A, as confirmed by EXAFS (Figure 1) and STEM
(Figure 4). As shown in Figure 13, in the PtP, structure, Pt still

Figure 13. Unit cell of Pt fcc and PtP, crystalline structure (Pt atoms
are represented in gray and P atoms in purple).

adopts a fcc unit cell, albeit with a much larger size than Pt
NPs, with P,>~ ions midway between the Pt** ions. The Pt—Pt
distance is 4.02 A, significantly longer than that in Pt NPs
(2.78 A). In PtP,, the distance between adjacent Pt is too long
for Pt—Pt bond formation.

The increase of white line intensity and edge energy of
XANES is consistent with Pt*" in PtP,, which agrees with Pt**
binding energies determined by XPS. The energy of Pt valence
orbitals, which form bonds with reactants and products,
determines the catalytic properties. To directly quantify and
compare the energy of the filled Sd valence orbitals, RIXS was
conducted on Pt NPs and the full-phase PtP,. RIXS is a bulk
technique and measures every atom in the sample. Thus, it is
essential that each Pt has an identical structure. As shown in
the XANES spectrum, Figure 6, the formation of PtP,
significantly increases the energy of unfilled Pt 5d orbitals by
1.5 eV. The RIXS spectrum is the difference in energy of the
empty and filled Pt 5d states. Thus, there is a decrease in the
energy of filled Pt Sd orbitals by 1.5 eV, Figures 8 and 9,
compared to Pt NPs. The increase in the energy of unfilled
orbitals is nearly the same as the decrease in the energy of the
filled orbitals, which is similar to previously studied bimetallic
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Pt catalysts.”® For comparison, the decrease in energy of the
filled 5d orbitals in PtP, NPs is larger than those observed for
many bimetallic Pt catalysts, for example, a 1.1 eV shift for
Pt,Zn, and a 0.4 eV shift for Pt,V"' catalysts. This decrease in
the energy of the filled 5d orbitals in PtP, would be expected to
lead to significantly weaker Pt-adsorbate and reaction
intermediate bond energies compared to metallic Pt.

4.3. Structure—Property Relationship and Implica-
tions for Catalysis. Pt is one of the most versatile catalytic
elements with applications to both oxidation and reduction
reactions, for example, hydrocarbon and CO oxidation, olefin
hydrogenation, naphtha reforming, fuel cells, electrocatalysis,
etc.””” In each of these, metallic Pt is the active phase.
Although phosphorous-rich metal phosphides are known,
currently all catalytically active transition-metal phosphides
are metal-rich and possess metallic properties.”’>*® Metal-rich
transition-metal phosphides have MP and M,P structures. For
example, Oyama®’ has compared the hydrodesulfurization,
hydrodenitrogenation, and hydrodeoxygenation activity for a
series of metal phosphide catalysts, and the activity increased
in the order, Fe,P < CoP < MoP < WP < Ni,P. By comparison,
PtP, was much less active than other metal phosphide
catalysts, although the reason for the very low activity was
not known.” As shown above, PtP, is not metallic and does
not show catalytic or chemisorption properties typical of Pt
NPs. For example, PtP, does not hydrogenate olefins at low
temperature, chemisorb CO, and is not oxidized by air at low
temperature. The Pt** surface ions, however, catalyze olefin
hydrogenation but at much higher temperature than Pt NPs,
and will affect alkane dehydrogenation, albeit at a lower
turnover rate than metallic Pt. While PtP, has a lower rate than
Pt NPs, it does have significantly improved selectivity. For
propane dehydrogenation, Pt is poorly selective, ca. 65% at
20% conversion, while the olefin selectivity of PtP, is greater
than 95% at the same conversion. Similarly, the selectivity for
acetylene hydrogenation to ethylene is much higher for PtP,
than Pt NPs. The catalytic properties of PtP, are less like those
of Pt NPs and more similar to those of single-site, ionic
catalysts, for example, single-site Co(11),°* Zn(11),** and
Ga(IIN)** ions on silica and Ga’®’® and Cr’” on alumina.
For the latter, however, the structures and composition of the
catalytic sites are significantly different from that in PtP,. In the
transition and main group catalysts, the active site is a low
coordinate, isolated ion bonded to and stabilized by the
support, that is, a metal ion is bonded through support O ions.
For all the non-metallic dehydrogenation catalysts, the oxides
are not reduced to metallic NPs at the high reaction
temperatures. In PtP,, while the Pt** ions are isolated from
other Pt ions, that is, no Pt—Pt bonds, they are not bonded to
the support but are present in a nanoparticle. Thus, for the
maximum rate, it is necessary to synthesize small NPs. Similar
to the active sites in Zn(11),>”® Co(II),"* Ga(III),"* and
Fe(I1)"”” single-site catalysts, PtP, does not reduce to metallic
NPs due to stabilization of the Pt** ions by the P,*” ions. Thus,
PtP, can be used for high-temperature hydrogenation
reactions.

Single-site Zn(11),°>”® Co(II),"> Ga(III),"* and Fe(II)”
supported on silica catalysts also show olefin selectivities above
about 95% and often with little coke formation or lower
deactivation rates than bimetallic alloy NPs.”*”* Although non-
metallic dehydrogenation catalysts have high olefin selectivity
and, generally, suppressed coke formation, a limitation of these
catalysts is their lower rate compared to metallic catalysts. The

olefin hydrogenation and alkane dehydrogenation rates of Pt**
in PtP, are about 40 and 90 times higher, respectively, than
those for Zn(II)/SiO, single-site catalysts, Table 2. For the
latter, all sites are active; while in PtP, about 40% of the Pt
would be at the surface of the 2.5 nm particles. Thus, the
turnover rate (TOR) of Pt** is approximately 100 times higher
for olefin hydrogenation and over 200 times higher for propane
dehydrogenation than those of Zn(Il)/SiO,.

The difference in adsorption energies, reaction rates, and
selectivity compared to metallic Pt NPs also suggests that PtP,
catalysts may find different catalytic applications than the
former. The results for selective hydrogenation of acetylene
over ethylene are consistent with this suggestion. Although Pt
NPs are highly active for acetylene and ethylene hydro-
genation, the poor selectivity is likely due to strong bonding of
the product ethylene to metallic Pt, and high surface coverage
of activated hydrogen leads to the overhydrogenation of the
ethylene (to ethane) resulting in poor selectivity. For PtP,, the
isolated Pt** leads to weak bonding of the ethylene and also
low hydrogen coverage of the NP resulting in improved
selectivity.

The development of new, single-site, ionic catalytic materials
for a variety of catalytic applications in electrocatalysis,
photocatalysis, thermal catalysis, is an active area of
research.””®" These often display catalytic properties, which
are distinct from those of metal NPs. For these catalysts, the
ions are generally stabilized by the oxide, carbon or carbon—
nitrogen support.*>~** Here, we show that active single-site
ions present in nanoparticles with chemically stable molecular
structures can also be considered possible new materials for
these and other reactions. While further improvements in rate,
selectivity, and stability may be required for technological
applications of PtP,, the results do demonstrate the
opportunity for its better performance for some reactions
compared to metallic Pt NPs. The chemistry of PtP, and
similar nanoparticle single-site, ionic catalysts remains to be
explored, but it is anticipated that the preferred reactions will
be different from those of metallic NPs.

5. CONCLUSIONS

Silica-supported 2—3 nm PtP, NPs were successfully
synthesized using a simple and scalable IWI method. In the
PtP, NPs, the Pt** ions are separated by P,>” ions, that is, no
Pt—Pt bonds, unlike other Group 8 catalytic metal phosphide
catalysts, for example, Ni, Fe, Ru, and Rh. In PtP,, the energy
of the filled Pt 5d valence orbitals is about 1.5 eV lower than
that in metallic Pt NPs. These electronic effects lead to a
decrease in bond strength of adsorbates, for example, CO and
reaction intermediates, lowering the rates but also improving
the selectivity. The PtP, catalytic surface exhibits very low
hydrogenation rates nearly 1000 times lower than that of
metallic Pt requiring higher reaction temperatures. At higher
temperatures, the propane dehydrogenation rate per Pt in PtP,
is about 7 times lower than that in Pt NPs; however, the
former has excellent olefin selectivity compared to the latter.
The difference in rates and selectivity suggests that PtP, will
find different applications to those of Pt NPs as demonstrated
by the selective hydrogenation of acetylene. The isolated Pt**
ions have a significantly higher turnover rate than other ionic
and alloy single-site catalysts and thus may have potential for
similar applications of the latter.
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