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ABSTRACT: Non-oxidative propane dehydrogenation (PDH) to propene is the basis of several CyHg — C3Hg + H,

technologies developed for meeting the increasing demand for this olefin. Given the high cost of ® Co

commercial Pt-based catalysts, a promising direction for improving the economics of propene pro- ~1° Pt et

duction by PDH is to reduce Pt content without sacrificing high propene productivity and selectiv- T

ity. We report that the 1Co-0.1Pt@silicalite-1(1Co-0.1Pt@S-1) catalyst, with only 0.1 wt% Pt and Y

1 wt% Co, outperforms an analog of commercial Pt-Sn/AL O, in terms of activity and on-stream

stability despite the approximately S-fold lower Pt loading. Its performance is also remarkable when 5

compared to other state-of-the-art Pt-containing catalysts. The high activity of the 1Co-0.1Pt@S-1 ® -

catalyst is attributed to the presence of ultrasmall PtCo intermetallic compounds formed under reac- C= ;tl s
o o

tion conditions. The developed catalyst also demonstrated high on-stream stability, with an appar-
ent deactivation rate constant of just 4 X 107" h™! determined over 110 h on stream at approximately 90% of the equilibrium propane
conversion at 500 °C using a feed with 90 vol % propane.

KEYWORDS: propane dehydrogenation, PtCo intermetallic compounds, in situ XAS, silcalite-1, propene production

H INTRODUCTION doped carbon support.** In contrast to Miller and coworkers,"
separated Co and Pt centers are needed for efficient propane
dehydrogenation to propene. The best-performing catalyst deacti-
vated slowly and showed about 90% propene selectivity, but in the
presence of co-fed hydrogen. The selectivity decreased without
co-fed hydrogen strongly. In addition, the impact of the developed
catalysts was not demonstrated by comparison with state-of-the-
art catalysts. It should also be noted that all PtCo-based catalysts
developed to date have a relatively high Pt content (>0.5 wt%),
which is detrimental for large-scale applications.

Motivated by the above challenges, herein we elucidate the
fundamentals of the effect of minute amounts of Pt on PDH
performance of Co-based catalysts. Siliceous zeolites, with
ordered pore structures, high hydroxyl defect density, and
excellent thermal stability, are more suitable for anchoring
ultrasmall metal clusters compared to amorphous SiO, sup-
ports. In the present study, microporous silicalite-1 zeolite
(S-1) was selected as a support to confine small monometallic
or bimetallic species within its channels during hydrothermal
crystallization by a ligand-protected approach (Table S1).

Propene is a key petrochemical used in the manufacture of various
products.' ™ Current large-scale technologies for its production
are steam or fluid catalytic cracking of different crude oil fractions,”
methanol-to-olefins conversion,” metathesis of ethene with
2-butene,® Fisher-Tropsch synthesis to olefins,’ and non-
oxidative propane dehydrogenation (PDH).® The latter technol-
ogy has attracted extensive attention due to the shale gas
revolution.” Supported Pt-containing catalysts have been widely
used for the PDH reaction due to their ability to activate selectively
the C—H bonds but not to cleave the C—C bonds in propane,
ensuring high propene selectivity.'>'" However, there are still chal-
lenges related to their activity, durability, and, especially, cost.

An efficient method to improve catalyst activity and propene
selectivity is the use of supported Pt intermetallic compounds with
Sn,>7 Ge', Ga)'® Zn,"” In,'® or Cu.'”*® The promoters
increase the electron density of Pt and thus weaken Pt—propene
binding, thereby inhibiting deep dehydrogenation reactions lead-
ing to coke.”’ The potential of bimetallic Co—Pt catalysts has only
occasionally been tested, although Co-containing catalysts show
attractive performance.””** For example, Miller and coworkers®"

found Co as an efficient promoter for Pt/SiO, catalysts due to Received: November 19, 2025
the dilution of large surface Pt ensembles. The Pt,;Co surface Revised:  April 7, 2026
structure of the PtCo species was concluded to be responsible Accepted:  April 13, 2026

for propene production. However, such catalysts have been tested
using a feed with only 2 vol % propane, which is unfavorable from
an application point of view. Very recently, Xin-Hao Li and
coworkers developed Co—Pt-based catalysts using a nitrogen-
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The best-performing 1Co-0.1Pt@S-1 catalyst with 0.1 wt% of Pt
and 1 wt% of Co showed unexpectedly high space—time yield of
propene formation, on-stream stability, and durability. Its out-
standing performance was explained by the presence of ultrasmall
PtCo intermetallic compounds with an atomic ratio of Pt:Co of
1:3 (Figure S1), which are different from those in ref 21, as con-
cluded by aberration-corrected scanning transmission electron
microscopy (AC-STEM) and in situ X-ray absorption spectros-
copy (XAS) analysis. Temporal analysis of products revealed the
fundamentals of the synergistic effect between Pt and Co in terms
of H, activation. This catalyst property is highly relevant for
enhancing the turnover frequency through the formation of H,
in the course of the PDH reaction. The knowledge gained is rel-
evant for the targeted design of catalysts not only for this reaction
but also for hydrogenation reactions and paves the way toward the
development of highly active low-loaded Pt-containing catalysts.

B EXPERIMENTAL PART
Catalyst Preparation

The following chemicals were used as received: tetraethylorthosilicate
(25 wt % TEOS, Sigma-Aldrich), Co(NO;),-6H,0 (99%, Sigma-
Aldrich), tetrapropylammonium hydroxide (TPAOH, Sigma-Aldrich),
ethylenediamine ~ (EDA,  99%, Merck), [Pt(NH,;),](NO;),
(>50.0% Pt basis, Sigma-Aldrich), H,PtCl, solution (8 wt %
H,PtCl,, Merck), SnCL-2H,0 (99.99%, Sigma-Aldrich), ethanol
(99.9%, Thermo Fisher), and commercial y-ALO; (>99.9%, Saint-
Gobain, 93 m>g ).
1Co@S-1 was synthesized via a modified hydrothermal synthesis
method. 0.0998 g of Co(NO,),-6H,0 was dissolved in 8 mL of EDA
to prepare a Co-EDA precursor solution. In a separate step, 11.2 g of
TPAOH was added to 14.7 mL of deionized water and stirred for
10 min. Subsequently, 7.2 g of TEOS was added to the TPAOH solution
under continuous stirring for 6 h. Then, the Co-EDA precursor solution
was added to the TEOS-TPAOH solution. After further stirring for 2 h,
the obtained clear solution was transferred into a 70 mL Teflon-lined
stainless-steel autoclave and crystallized in a conventional oven at
170 °C for 4 days under a static condition. The solid product was col-
lected after washing, centrifugation, and drying at 100 °C overnight.
Thereafter, it was finally calcined at 550 °C for 6 h to obtain 1Co@S-1.
1Co-0.1Pt@S-1 was synthesized using a similar method to that
described above. 0.0998 g of Co(NO;),-6H,O and 0.0040 g of
Pt(NH,),](NO,), were dissolved in 8 mL of EDA to prepare a CoPt-
EDA precursor solution. The synthesis of 1CoxPt@S-1 was carried
out using a method similar to that described above for the preparation
of the 1Co@S-1 catalyst. The metal mass ratios of Co/Pt were set to
100/1, 20/1, 10/1, and 5/1 to obtain the 1Co-0.01Pt@S-1, 1Co-
0.05Pt@S-1, 1Co-0.1Pt@S-1, and 1Co-0.2Pt@S-1 catalysts, respectively.
The M@S-1 series samples (0.01Pt@S-1, 0.0SPt@S-1, 0.1Pt@S-1,
and 0.2Pt@S-1) were also synthesized via a similar method as
described for 1Co-M@S-1 but without adding the cobalt precursor.
An analog of industrial Pt—Sn/A1203 (containing 0.5 wt % Pt and
1.5 wt % Sn) was prepared by impregnation according to ref 25.
First, a solution containing metal precursors was prepared by dissolving
0.628 g of H,PtCly (8 wt%H,Cl,Pt; Aldrich) and 0.145 g of
SnCl,-2H,0 (99.99%, Sigma-Aldrich) in 30 ml of ethanol (99.9%,
Thermo Fisher). Thereafter, S g of a commercial AlL,O; carrier
(Saint-Gobain, 93 m*g~") was impregnated with the solution. The
obtained sample was dried in an an oven at 100 °C for 12 h and then
calcined at 560 °C for 3 h in air.

Catalyst Characterization

X-ray diffraction (XRD) patterns of the as-prepared catalysts were
recorded on a Bruker D8 Advance operating at 40 kV and 100 mA.
Cu Ko radiation (0.15406 nm) was used.

Ex situ UV—vis spectra were recorded between 200 and 1200 nm on
a Shimadzu UV-2600 with BaSO, as a white standard.

High-resolution transmission electron microscopy (HRTEM) was
conducted on an FEI Talos 200X with a working voltage of 200 kV,
and the aberration-corrected high-angle angular dark-field-scanning
transmission electron microscopy (AC-HAADF-STEM) was con-
ducted on a JEM-ARMB300F operated at 300 kV to identify the micro-
structure and elemental distribution of the prepared catalysts.

X-ray photoelectron (XP) spectroscopy was applied for catalyst sur-
face characterization using an ESCALAB 220iXL (Thermo Fisher
Scientific) setup with monochromatic Al Ka radiation (E =1486.6 eV).
The samples were prepared on a stainless-steel holder with conductive
double-sided adhesive carbon tape. The electron binding energies were
obtained with charge compensation using a flood electron source and ref-
erenced to the C Is core level of adventitious carbon at 284.8 eV
(C~C and C-H bonds).

Before starting C;H,-TPSR tests, all catalysts (25 mg for each sam-
ple) were calcined at 500 °C in flowing air for 1 h and then reduced in
a flow (5 vol % H, in Ar, total flow of 10 mL-min™") for 60 min. After
the above treatment, the reactors with the treated catalysts were cooled
down to 200 °C. Thereafter, the reactors were flushed with Ar for
30 min and exposed to a flow of C;Hg/Ar = 10/90 (10 mL-min™").
The temperature was initially kept at 200 °C for 15 min to stabilize
mass spectroscopic signals. Then, the catalysts were heated up to
450 °C with a heating rate of 10 K:min~'. The signals at m/z of
44 (C;Hy), 42(C3Hy), 2 (H,), and 40 (Ar) were collected. The contri-
bution of propane to the propene signal was separately determined
using a calibration mixture with 10 vol % C,Hg in Ar and subtracted
from the overall signal at m/z of 42.

X-ray absorption spectra (XANES and EXAFS) at the Co K and Pt
L3 absorption edges were recorded at the P6S beamline of the PETRA
III synchrotron radiation source (DESY, Hamburg) in fluorescence
mode. Higher harmonics were rejected by a pair of Si plane mirrors
installed in front of the monochromator. The energy of the X-ray pho-
tons was further selected by a Si (111) double-crystal monochromator,
and the beam size was set by means of slits to 0.4 (vertical) X
2.0 (horizontal) mm* Pt L,-edge spectra were recorded using a
large-area 4-element silicon drift detector (2 mm thick Hitachi
Vortex-ME4) coupled with an XGLab DANTE digital pulse processor.
Spectra were recorded in continuous mode while scanning incident
energy from —150 to 4800 eV relative to the respective absorption
edge, with a total time of 180 and 0.1 s per point integration time.
The spectra were normalized, and the extended X-ray absorption fine
structure spectra (EXAFS) background was subtracted using the
ATHENA program from the IFEFFIT software package.”® The
k*-weighted EXAFS functions were Fourier transformed (FT) in the
k range of 2-10 A™" and multiplied by a Hanning window with a sill
size of 1 A7, The displayed FT EXAFS spectra were not corrected
for the phase shift. For in situ XANES, the measured sample with a
sieve fraction of 100200 pm was loaded in an in situ micro-reactor
(quartz capillary, 1.5 mm diameter, 0.02 mm wall thickness). The sam-
ple was heated stepwise to S00 °C with a ramp of 10 °C/min under He
(20 mL-min~" flow rate). After reaching the temperature, the sample
was calcined in a flow of 20 vol % O, in He (20 mL-min™") for
30 min and then reduced in a flow of 50 vol % H, in He
(20 mL-min~" flow rate) for 30 min. The in situ spectra were recorded
during the whole experiment. To increase the signal-to-noise ratio, Pt
L, spectra recorded under the respective steady-state conditions were
monitored for changes in the XANES region (which stopped changing
within 10 min after reaching steady-state conditions) and averaged
together for further analysis.

Temporal Analysis of Products

The mechanistic and kinetic aspects of propane dehydrogenation were
examined using a temporal analysis of products (TAP-2) reactor. The
reactor system, operating with millisecond resolution, has been
described in detail elsewhere.”” In these experiments, 30 mg of
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1Co@S-1, 0.1Pt@S-1, or 1Co-0.1Pt@S-1 (315-710 pm fraction) was
loaded in a quartz-tube reactor and fixed within its isothermal zone
between two layers of quartz particles of 250-355 pm size. Prior to
the experiments, the catalysts were heated from room temperature to
500 °C in a flow of N, (3 mL'min~") and H, (2 mL-min~"). Then,
the catalysts were held in the same flow at this temperature for 1 h.
After finishing the treatment, the reactor with the catalyst was evacu-
ated to ca. 107> Pa, and the pulse experiments with C,Hg:Ar = 1:1
or D,:Ar = 1:1 mixtures were carried out at 500 °C. The mixtures were
prepared using C;Hg (Linde, 3.5), D, (Aldrich, 99.8 atom. % D), and
Ar (Air Liquide, 5.0) without additional purification.

The composition of the gas mixture at the reactor outlet was mon-
itored by a quadrupole mass spectrometer (HAL RC 301 Hiden
Analytical). The following m/z values were used for mass spectromet-
ric identification of different compounds: 44 (C,Hy), 42 (C,Hg,
C;Hy), 41 (C4H,, C3Hy), 29 (C,Hy), 28 (CH,, C,H,, C,H,), 26
(C;H,, C;H,, C,H,, C,H,), 16 (CH,), 4 (D,), 3 (HD), 2 (H,), and
40 (Ar). The pulses for each m/z were repeated 10 times and averaged
to improve the signal-to-noise ratio. The contribution of different com-
pounds to respective m/z was estimated using standard fragmentation
patterns determined in separate experiments.

For proper analysis of the relative positions of the transient
responses of reaction components strongly differing in their diffusivity
(C3Hg vs. H, or D, vs. H,), the experimental time (t) of respective
responses was converted into dimensionless form as suggested in
ref 27 according to eq 1.

_ tDesi;
SbLZ

(1)

where €, is the fractional voidage of the packed bed in the reactor, L is
the diffusion length (m), and D.g; is the effective diffusion coefficient
of each component (m /s). The whole reactor length was considered
as a diffusion length for reactants, whereas for the reaction products,
the diffusion length was set from the beginning of the catalyst layer.

The apparent rate constant kp, *** for D, consumption was deter-
mined as suggested in ref 28 (eq 2)

X
kb, =~ (2)
T e, (1-X)

where g is the fractional voidage of the packed bed in the reactor, X is
D, conversion, D g, is the effective diffusion coefficient of D, (m?*/s),

AL is the thickness of the catalyst layer (m), and Ly, is the thlckness of
the downstream inert layer (m). The effective diffusion coefficients
were calculated from that of Ar (eq 3). The effective diffusion coeffi-
cient of Ar was determined separately from the fitting of the Ar exper-
imental response to the model assuming diffusion only, according to
the procedure described in ref 29. M,, is the molecular weight of Ar.
M, is the molecular weight of gas i.

M
M

©)

Defr i = Defr Ar

Catalytic Tests

All catalytic tests were carried out at 500, 525, and 550 °C under 1 bar
in an in-house developed setup consisting of 15 continuous-flow fixed-
bed quartz reactors. The rate of propene formation was determined at
a degree of propane conversion below 10% after the first 240 s on pro-
pane stream. Typically, the catalysts (10 mg, fraction of 315-710 pm)
were heated to 500 °C in a N, flow with a heating rate of 10 K-min ™"
After reaching the reaction temperature, the sample was treated in a
flow of 20 vol % O, in N, (20 mL-min~") for 30 min, followed by feed-
ing N, for 10 min to remove oxygen from the reactor. Thereafter, a

flow of 50 vol % H, in N, (20 mL-min~" flow rate) was fed for
30 min. After the treatment, the catalysts were tested with a reaction
mixture of 40 vol % C,Hg in N,.

A durability test using the 1Co-0.1Pt@S-1 catalyst consisted of a
series of six PDH/regeneration cycles at 500 °C using a feed with
40 vol % C,Hg in N, at a WHSV of 94.3 h™". The catalyst was calcined
in 20 vol % O,/N, (10 mL-min~") for 15 min after each PDH cycle
and then reduced in 50 vol % H,/N, (10 mL-min~") for 60 min at
500 °C before starting PDH. The catalyst was purged with N,
(10 mL-min~") for 15 min between each step.

To determine the apparent activation energy of propene formation,
catalytic tests were carried out in the temperature range of 465-545 °C
at propane conversion below 10%. To this end, the catalyst amount
and the total feed flow were varied from 10 to 100 mg and from 10
to 80 mL-min ", respectively.

n(C3Hg)
Vm X Meat

r(C3Hg) = (4)

where 71(C;Hy) is the molar flow of propene. V, and m_,, stand for the
molar volume (22.4 mL-mmol™") and catalyst mass, respectively.

To compare the different catalysts (1Co-0.1Pt@S-1 and PtSn/
ALO;) with respect to time-on-stream activity and stability, they
(15 mg, fraction 315-710 pm) were initially heated to S00 °C at a rate
of 10 °C-min~" in a N, flow, followed by feeding air for 60 min and
purging with N, for 15 min. Then, the catalysts were reduced in a flow
of 50 vol % H, in N, (total flow of 10 mL-min ") for 60 min at 500 °C.
The treated catalysts were directly tested for their PDH activity at
500 °C (40 vol % C,Hg in N, reaction mixture, total flow of
10 mL~min_1). Propane conversion (X(C3H8)) and propene selectiv-
ity (S(C;Hg)) were calculated according to eqs S and 6, respectively.
The outlet propene concentration (C(C;Hg),,) was calculated
according to eq 7.

ﬁin _ ’;lout
X(CaHy) = (5
nc.Hg
VC3Hg ﬁ?ut
Si = x sout sout (6)
Vi NcsH, — MCiH,
C(C3H6)out = CC3H3 XX(C3H3) X S(C3H6) (7)

i (i, or 1,°") with superscripts in or out stands for the molar flows of
gas-phase components at the reactor inlet or outlet. Here, v; is the
stoichiometric coefficient for product i. C 1, Stands for the concen-
tration of propane in the reaction feed. N was used as an internal
standard to consider reaction-induced changes in the number of
moles. The ratio of the molar fraction of N, at the reactor inlet to that
at the reactor outlet was used to calculate the molar flows of gas-phase
components at the reactor outlet from their outlet molar fractions and
the total molar feed flow. To demonstrate long-term stability in the
course of propane dehydrogenation, additional tests were performed at
500 °C. The catalysts (30 mg, fraction 315~710 pm) were heated in a
N, flow to the reaction temperature with a rate of 10 °C-min™", followed
by feeding air for 60 min and purging with N, for 1S min. After this
treatment, the catalysts were directly tested for their PDH activity
(90 vol % C,Hg in N, reaction mixture, total flow of 10 mL-min~") at
500 °C for 110 h. The long-term stability was also checked at 525 and
550 °C under the above-mentioned test conditions. The space—time
yield of propene formation (STY(C;Hy)) was calculated according
to eq 8.

n(C3H6) XM(C3H5) X 60
1000 X 114

STY (c;m) = )
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As suggested in ref 30, an apparent catalyst deactivation constant (k)
was calculated according to eq 9.

11’1 1—Xend — ln 1= Xotart
1

g = e ; S )

X, and X 4 stand for propane conversion after 4 min and 110 h on
stream, respectively.

An online gas chromatograph (Agilent 6890) equipped with
PLOT/Q (for CO,), AL/S (for CH, C,H, C,H, C,H, and
C;Hy) columns connected to a flame ionization detector, and with a
Molsieve S (for H,, O,, N,, and CO) column connected to a thermal
conductivity detector was used for quantifying the concentrations of
the feed components and the reaction products. The time taken for
one analysis was S min.

To calculate the ratio of X(C;Hy).,/X(C;Hg)., where
X(C3H8)exp and X(C3H8)eq are the experimentally determined and
equilibrium conversion, respectively, we proceeded as follows. It is well
known that X(C3H8)eq depends on the feed composition, reaction
temperature, and total pressure. The respective data from the present
and previously reported studies were used to calculate the equilibrium
mole fractions (x(i)eq) of propane, propene, and hydrogen using the
Cantera package (https:/ /cantera.org/) and the NASA thermody-
namic database (B.J. McBride, S. Gordon, and M.A. Reno,
"Coeflicients for Calculating Thermodynamic and Transport
Properties of Individual Species", NASA Report TM-4513, October
1993; https://shepherd.caltech.edu/EDL/PublicResources/sdt/refs/
NASA-TM-4513.pdf) implemented in a Python program. Reaction-
induced changes in the number of moles were considered. Based on
the feed fraction of propane ()(C;Hg)s.q) and the calculated equilib-
rium propane fraction (x(C,Hg) eq) , the equilibrium conversion of pro-
pane can be calculated according to eq 10.

X(C3H8)feed - X(C3H3)eq
X(C3H8)feed

X(C3Hs) g = (10)

Using the X(C3H8)exp and X(C3H8)eq values determined as
described above, the ratio of X(C;Hy) /X(CsHs)eq was calculated
for each catalyst.

exp

DFT Calculations

The structure file of the MFI framework was downloaded from the
Zeolite Associations (IZA) website. Based on the catalyst characteriza-
tion data, we constructed the theoretical model, Pt,Co,,@S-1,0f the
1Co-0.1Pt@S-1 catalyst. The energy barriers of the elementary steps
in the course of the PDH reaction were estimated by spin-polarized
periodic DFT calculations using the plane-wave pseudopotential
method and the generalized gradient approximation (GGA).
Preliminary geometry optimization of the constructed structure was
implemented with the CASTEP code. The plane-wave basis set was
converged at a cutoff energy of 500 eV for each model. The Perdew—
Burke—Ernzerhof (PBE) exchange—correlation functional was used to
describe the exchange—correlation effects. Interaction between the
valence electrons and the ion core was substituted by an ultrasoft pseu-
dopotential. The self-consistent convergence accuracy was set at 2 X
107° eV per atom, the maximum force was 0.08 eV per A, the maxi-
mum stress was 0.1 GPa, and the maximum displacement was 5 X
1073 A. Here, a single unit cell of the MFI framework was employed.
A Monkhorst—Pack grid of 1 X 1 X 1 k-points was used to sample
the Brillouin zone. Subsequent calculations related to the propane
dehydrogenation reaction pathway were performed using the Vienna
Ab initio Simulation Package (VASP). The DFT-D3 method of
Grimme®' was employed in all calculations to treat van der Waals inter-
actions. An energy cutoff of 500 eV was applied. Geometry optimiza-
tion was converged until the forces acting on the atoms were lower
than 0.02 eV/A. The energy threshold defining self-consistency of

the electron density was set to 2 X 107 eV. The climbing image
nudged elastic band method®* and the improved dimer method*® were
applied for finding transition states. Harmonic frequencies of adsor-
bates and transition states were calculated, and zero-point energy
(ZPE) corrections resulted from the frequency analysis were included
in the calculated energies. Zero-point energies and the Gibbs free ener-
gies for the reaction temperature of 500 °C and ambient pressure were
calculated using the VASPKIT program.** Gas-phase molecules
(C3Hg, C;Hy H,) were calculated in a cubic box of 30 A to avoid
interactions between periodic images. Thermal corrections to the
Gibbs free energy at 500 °C were applied based on gas-phase statistical
thermodynamics, including contributions from translational, rotational,
and vibrational motions. These corrections were also obtained with the
help of the VASPKIT program.

Bl RESULTS AND DISCUSSION
Results

Catalysts Characterization. X-ray diffraction (XRD) anal-
ysis revealed the MFI structure in all catalysts, with no evidence
for the presence of nanocrystalline mono- or bimetallic species
(Figure S2). The high dispersion of cobalt was also confirmed
by UV-vis spectroscopy. The UV—-vis spectra are characterized
by bands at 497, 576, and 658 nm, typical for highly dispersed
pseudo-tetrahedral Co**O, species (Figure $3).>** The diva-
lent cobalt in 1Co@S-1 and 1Co-0.1Pt@S-1 was determined
by X-ray photoelectron spectroscopy (XPS) based on the
Co 2p;, binding energy at about 781.7 eV (Figure $4).%

In situ XAS measurements provided insights into the local
coordination of Co and Pt in mono- and bi-metallic catalysts.
The features in the XANES spectrum of fresh 1Co@S-1 are
similar to those of CoO (Figure la). When the catalyst was
heated to 500 °C in He, the intensity of the white line decreased
strongly (Figure SS), while the intensity of the pre-edge
increased slightly, but its position remained unchanged
(Figure 1a). As the pre-edge of the 3d elements is sensitive to
both their coordination environment and symmetry,>***” such
changes should be due to the removal of adsorbed water. The
XANES spectrum did not change when He was replaced by
O,. According to the fit of the EXAFS spectrum of the fresh
1Co@S-1 catalyst, this material should possess small CoO, clus-
ters with coordination numbers (CNs) in the Co—O, Co-Si,
and Co—O—-Co shells of about 4, 1, and 4, respectively
(Table S2). The intensity of the pre-edge region slightly
increased after catalyst treatment in H, (Figure la). This can
be attributed to a partial reduction of Co**O_.>® This assump-
tion is supported by the decrease in the CNs in Co—O and
Co-0-Co to about 3.5 and 2.4, respectively (Table S2). The
fraction of metallic Co® in the reduced 1Co@S-1 catalyst is
about 2%, as determined by O,-pulse experiments (Figure S6a).

The fresh 0.1Pt@S-1 catalyst has almost metallic Pt° NPs
because the intensity of the white line in its XANES spectrum
is very close to that of a Pt foil (Figure 1b). The CNs in
Pt—O and Pt-Pt are 0.4 + 0.3 and 12.6 + 1.8, respectively
(Table S3). These results suggest that a few peripheral Pt
atoms of one NP are connected to the support via Pt—O
bonds. After catalyst treatment in H, at 500 °C, the CN
values decreased to 0.2 + 0.2 and 10.3 + 1.8. According to
the results of O,-pulse experiments (Figure S6b), the fraction
of metallic Pt° in the reduced catalyst is about 98%.

The introduction of Pt to 1Co@S-1 did not affect the struc-
ture of CoO, species in the fresh catalyst, as the Co-related fea-
tures in the XANES spectra of the corresponding mono and
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Figure 1. In situ XANES spectra of (a) 1Co@S-1, (b) 0.1Pt@S-1, and (c,d) 1Co-0.1Pt@S-1 at (a,c) Co k and (b,d) Pt-L, edges. Test conditions:
heating in He to 500 °C followed by calcination in 20 vol % O,/He and then reduction in 50 vol % H,/He.

bimetallic catalysts are almost the same (Figure S7). It is, how-
ever, worth mentioning that the presence of Pt is decisive for
the reducibility of CoO, (Figure la,c). The fraction of metallic
Co? in the reduced 1Co-0.1Pt@S-1 catalyst is about 16% and is
obviously higher than 2% in the reduced 1Co@S-1 catalyst
(Figure S6). The positive effect of Pt on the reduction degree
of CoO, can be explained by the ability of Pt to generate surface
H species from H,, which spill over to CoO, and reduce them
partially.

Based on the Pt-L,-edge XANES spectra of the fresh
1Co-0.1Pt@S-1 catalyst and reference PtO,, oxidized Pt nano-
particles (PtO,) should be present in this catalyst (Figure 1d).
A Pt—(0)—Co path with a distance of 2.72 A was required to
obtain a reasonable fit to the EXAFS spectrum of this catalyst
(Table SS). This path, as well as the Pt—O path, could not be
identified in the spectrum of the 1Co-0.1Pt@S-1 catalyst
reduced in H, at 500 °C. Instead, a new PtCo path with a dis-
tance of about 0.15 A shorter than 2.72 A was identified. This
path is characteristic of PtCo intermetallic compounds.”’
EXAFS wavelet-transform analysis using Pt foil and PtO, as ref-
erences further confirms the formation of intermetallic PtCo in
the reduced catalysts (Figure S8).

High-resolution  transmission  electron  microscopy
(HRTEM) could not identify Co or Pt nanoparticles on the
surface of 1Co0-0.1Pt@S-1 and 1Co@S-1 (Figures 2a and
S9a—c). Ultrasmall clusters are present on the surface of

1Co-0.1Pt@S-1, as evidenced by AC-STEM (Figure 2b). The
clusters consist of Co and Pt, according to energy-dispersive
spectroscopy (EDS) line scans (Figure 2¢c). The atomic ratio
of Pt:Co in these clusters should be 1:3 (Figure S1). EDS map-
ping further confirmed the high dispersion of Co and Pt
(Figures 2d-i and S9d—g). Despite the low Pt loading in
0.1Pt@S-1, Pt nanoparticles could be observed on the surface
of this catalyst (Figure S10). Therefore, Co should favor the dis-
persion of Pt in the 1Co-0.1Pt@S-1 catalyst.

In summary, the kind of supported species in the monome-
tallic (Pt- or Co-containing) and bimetallic catalysts depends
on the reaction atmosphere. Sub-nanometer CoO, and PtO,
species are individually present on the surface of all catalysts
treated in O,. The CoO, clusters in the 1Co@S-1 catalyst are
only slightly reduced to Co? after reductive treatment in H, at
500 °C, while PtO, in the 0.1Pt@S-1 catalyst is nearly to
completely converted into Pt°. In comparison with the reduced
1Co@S-1 catalyst, the reduction degree of CoO, in the
1Co-0.1Pt@S-1 catalyst is significantly higher due to the posi-
tive effect of Pt. Consequently, this catalyst has PtCo interme-
tallic compound species in addition to CoO,. The below
section aims to provide insights into the kind of active species
involved in the PDH reaction.

Intrinsic Catalyst Activity and Active Species. To com-
pare the catalysts in terms of the rate of propene formation, we
first carried out tests under differential reactor operation
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Figure 2. (a) HRTEM, (b) AC-STEM, and (c) AC-STEM images with an EDS line profile, as well as (d—i) HAADF-STEM images with EDS

mapping of 1Co-0.1Pt@S-1.

conditions, i.e., the conversion of propane was below 10% of the
equilibrium conversion. The catalysts were initially reduced in
H, at 500 °C before starting the reaction at the same tempera-
ture to generate Pt’, slightly reduced CoO, or PtCo intermetal-
lic compounds. The weight hourly space velocity of propane
(WHSV(C;Hy)) was varied between 38 and 378 h™". The rate
obtained over all bimetallic Co-Pt@S-1 catalysts is higher than
the rate over their monometallic counterparts (Figures 3a and
S11). It reached 17.1 mmol-g™"min™" with increasing Pt load-
ing from 0.01 to 0.1 wt% at a fixed Co loading. In contrast to
the reduced catalysts, the oxidized catalysts were less active
(Figure S12). Thus, we put forward that the active species must
be formed during reductive treatment of the catalysts in H,
and/or in situ under the reaction conditions.

The rate of propene formation over reduced catalysts increases
with increasing Co content from 0.25 to 1 wt% at a fixed Pt load-
ing of 0.1 wt% (Figure S13). The highest synergistic effect
between Pt and Co was determined for the 1Co-0.1Pt@S-1 cat-
alyst. Its activity is 11 times higher than the sum of the propene
formation rates determined over the 1Co@S-1 and 0.1Pt@S-1
catalysts. The reduction degree of CoO, is less relevant to the
catalyst activity because 1Co@$-1 reduced at 600 °C but tested
in PDH at 500 °C showed almost the same activity as its coun-
terpart reduced at 500 °C (Figure S14). The different activity
of the monometallic and bimetallic catalysts should be related
to the different kinds of active species/sites. The apparent activa-
tion energy (E,) of propene formation over 1Co-0.1Pt@S-1 was
determined to be 48 kJ-mol™". This value is meaningly lower

than 105 and 91 kJ'mol™" determined for 1Co@S-1 and
0.1Pt@S-1, respectively (Figure 3b).

Using catalytic data determined at different WHSV but at
a constant temperature of 500 °C, we prepared selectivity—
conversion relationships for propene, C,—C, hydrocarbons,
and coke formed in the PDH reaction over 1Co-0.1Pt@S-1,
0.1Pt@S-1, and 1Co@S-1. For all catalysts, the selectivity to pro-
pene decreases with increasing propane conversion (Figure 3¢).
An opposite trend was found for the selectivity to cracking prod-
ucts and coke (Figure 3d,e). Such results indicate that propene
formed directly from propane is further converted into coke
and cracking products. As the selectivity to C,—C, hydrocarbons
and coke extrapolated to zero propane conversion is not zero,
these products should also be formed from propane. The contri-
bution of this pathway decreases in the order 1Co@S-1 >
0.1Pt@S-1 > 1Co-0.1Pt@S-1. Moreover, the slope of the
selectivity—conversion relationship for coke decreases in the same
order, suggesting that the kind of active species affects this unde-
sired pathway. Based on these results, the selectivity to propene is
determined by the kinetics of primary and secondary pathways in
the course of the PDH reaction (Figure 3f). Regardless of the
propane conversion degree, the highest propene selectivity was
achieved over 1Co-0.1Pt@S-1, followed by O0.1Pt@S-1 and
1Co@S-1. This is due to the lower ability of PtCo intermetallic
compounds to convert both propane and propene to C,-C,
hydrocarbons and coke.

Based on the XAS and TEM data discussed above, as well as
the catalytic data in Figure 3a, we can conclude that metallic
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Figure 3. (a) Rate of propene formation (r(C;Hy)) at S00 °C over the prepared catalysts. Reaction conditions for (a) T = 500 °C, C;Hg:N, = 2:3,
WHSV(C,H,) = 38-378 h™". (b) Arrhenius plots of the propene formation rate over 1Co-0.1Pt@S-1, 0.1Pt@S-1, and 1Co@S$-1, as well as the
respective apparent activation energy (E,). All catalysts were reduced at 500 °C for 30 min in a flow of H,/N, before the test. The selectivity—con-
version relationships for (c) propene, (d) C,—C, hydrocarbons, and (e) coke formed over 1Co@S$-1, 0.1Pt@S-1, and 1Co-0.1Pt@S-1. (f) Proposed
reaction pathways in the PDH reaction. Reaction conditions: T = 500 °C, C,Hg:N, = 2:3, WHSV(C,H,) = 2.4-288 h™".

Pt°, CoO,, and metallic Co® show low PDH activity and pro-
pene selectivity. PtO, can also be excluded as an active species
because it does not exist under reaction conditions. Therefore,
the PtCo intermetallic compound formed in situ should be
responsible for the unexpectedly high activity of the
1Co-0.1Pt@S-1 catalyst.

Reaction Mechanism. To rationalize the difference in the
PDH activity of metallic Pt°, CoO,, and PtCo, C;H; pulse
experiments were performed at 500 °C in a temporal analysis
of products reactor.’® The transient responses of C;Hg, C,H,,
H,, and Ar are shown in Figures 4a and S15. Since C;H, and
H, are the products of C;H, dehydrogenation, their responses
appear after that of C;Hj. Although the H, and C,H, responses

have very similar times of their maxima (¢, ), the formation of
H, must be decoupled from the formation of C;H and proceed
at a lower rate because the diffusion coefficient of H, is about
4.6 times higher than that of C;H, which is the reason for an
earlier appearance of H, at the reactor outlet. For illustrative
purposes, we converted the experimental time of the H, and
C,H{ responses into a dimensionless time according to ref 39.
The dimensionless time is defined as t~Di/L2, where t is the
experimental time, D; is the effective diffusion coefficient of
each component, and L is the reactor length. Such a transforma-
tion is useful for comparing the relative position of the
responses of compounds with large differences in molecular
mass (Figures 4b and S16). As expected, the maximum of the
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Figure 4. Normalized responses of C;Hg, C;Hy, H,, and Ar after pulsing of a C;Hg:Ar = 1:1 mixture over 1Co-0.1Pt@S-1 at 500 °C are shown in
terms of (a) experimental time and (b) dimensionless time. (c) Normalized responses of D,, HD, H,, and Ar after pulsing of a D,:Ar = 1:1 mixture
over 1Co-0.1Pt@S-1 at S00 °C. The experimental time was transformed into dimensionless time according to ref 39. (d) Apparent rate constant of
D, consumption over 1Co@S-1, 0.1Pt@S-1, and 1Co-0.1Pt@S-1 determined from pulse D,:Ar = 1:1 tests at S00 °C according to ref 41.

normalized response of H, is significantly larger than that of the
C;H, response. Moreover, the experimental (not dimension-
less) ratio of ¢, (H,)/t,...(CsHy) should be about 0.86, which
is higher than 0.5 for the case if H, and C;H, were formed
simultaneously.*® Thus, the formation of H, should be the
rate-limiting step in the PDH reaction. This assumption was
indirectly supported by a temperature-programmed surface
reaction experiment with C;Hg. We found that the temperature
at which H, starts to be formed is higher than that of C Hy
(Figure S17).

Based on the above discussion, the catalyst ability to activate
H, can be one of the key factors determining the rate of propene
production. This assumption was validated by H-D exchange
tests with 1Co@S-1, 0.1Pt@S-1, and 1Co-0.1Pt@S-1. HD and
H, were detected when a mixture of D,/Ar = 1:1 was pulsed
over these catalysts at S00 °C (Figures 4c and S18). Their forma-
tion indicates that (i) the catalysts can break the D-D bond
in D,, (ii) the catalysts have active OH groups, and (iii) the
D atoms formed on CoO,, Pt, and CoPt can react with these
groups to form initially HD (its response appears directly
after D,). This reaction product participates in a consecutive
exchange with OH groups, finally yielding H,. Applying the thin-
zone TAP reactor model,*" an apparent rate constant (k, *P) of
D, activation was estimated (eq 2). 1Co@S-1 and O.lPt@Sz—l have
the lowest kp, *P values (Figure 4d). The kj *P value of the
1Co-0.1Pt@S-1 catalyst is approximately 12 times higher com-
pared to the corresponding monometallic counterparts.

Deeper molecular-level insights were derived using density
functional theory (DFT) calculations. Based on the TEM and
EXAFS fitting results, we created the Pt,Co,,@S-1 model rep-
resenting the structure of the active species in the reduced
1Co-0.1Pt@S-1 catalyst. The Gibbs free energy profile for pro-
pane dehydrogenation at 500 °C was then evaluated for this
model system (Figure Sa,b). Adsorption of propane is thermo-
dynamically unfavorable (AG = 0.64 eV), indicating weak inter-
action between propane and the cluster under reaction
conditions. The first C—H bond cleavage proceeds with an acti-
vation barrier of 0.39 eV, forming a surface propyl species
together with an adsorbed hydrogen atom. The subsequent
C-H cleavage occurs with an activation barrier of approximately
0.60 eV and leads to the formation of propylene and two hydro-
gen atoms bound to the cluster. Desorption of propylene is
thermodynamically favorable, leaving hydrogen atoms on the
cluster surface. Before recombination, one hydrogen species
migrates to the same Pt atom where another hydrogen atom
is located, with a small activation barrier of 0.11 eV.
Thereafter, recombination of the two hydrogen atoms occurs,
leading to the formation of adsorbed H,, which is energetically
unfavorable. Both the migration and recombination steps are
needed for the recovery of the active site, with an overall energy
span of 0.66 eV. Thus, the regeneration of the active sites
should limit the overall kinetics of the PDH reaction. The
reverse process (H, dissociation on the cluster surface) is bar-
rierless, suggesting that hydrogen tends to dissociate upon
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adsorption. This behavior is in good agreement with previous
reports on hydrogen activation on platinum-based catalysts.**
Industrial Relevance. To demonstrate the industrial
potential of the 1Co-0.1Pt@S-1 catalyst, its PDH performance
was directly compared with that of an analog of a commercial
Pt—Sn/Al,O; catalyst tested at S00 °C in parallel using a feed
with 40 vol % C,Hg at WHSV(C;Hg) of 314 h™'
(Figure S19). The initial propane conversion of 23%, about
91% of the equilibrium conversion (X(C;Hy),,), was achieved
over our catalyst, while the reference reached only 12% conver-
sion. The latter catalyst also lost much of its initial conversion
with increasing time on stream, in contrast to the stable perfor-
mance of the 1Co-0.1Pt@S-1 catalyst, although the Pt loading
in the developed catalyst is only 20% of its reference counter-
part. The long-term stability of the 1Co-0.1Pt@S-1 catalyst
was also validated under harsher reaction conditions using a
feed with 90 vol % C,Hg at WHSV(C,Hg) of 35 h™'
(Figure 6a). The catalyst slightly deactivated during 110 h on
propane due to reaction-induced restructuring of active species.
(Figure $20). The initial propane conversion was about 90% of
X(C3H8)eq. Noticeably, the outlet propene concentration in
this test was above 14 vol %, which is similar to that of the
Oleflex and Uhde processes operating at higher temperatures
(Figure S21). As propene is the key gas-phase precursor
of coke, the apparent deactivation rate constant (k) of 4 X
10~* h™" at such a high propene concentration is worth men-
tioning and proves the unanticipated resistance of this catalyst

to coke formation (Figure S22). Moreover, the low k; value
was obtained at a high integral propene formation rate of
132 molsy6gpe “h™". In this respect, the developed catalyst
outperformed many Pt-based catalysts from a recent review”
(Figure 6b).

We also benchmarked the 1Co-0.1Pt@S-1 catalyst against
state-of-the-art Pt-based catalysts in terms of space—time yield
of propene formation related to (i) overall catalyst amount
(STY(C;Hy)) or (ii) Pt loading (STY(C3Hg)p,). To ensure a
proper comparison of the catalysts tested in different studies,
we plotted the STY(C;H,) and STY(C,Hy)p, values versus
the ratio of the experimentally determined propane conversion
to the corresponding equilibrium propane conversion
(X(C3Hy)ep/X(C3Hy), ) in Figures 6¢ and S23, respectively.
The present STY(C3H63 values achieved at 500 and 550 °C
were 5.6 and 25.7 kg-kg_,~'-h™"at about 90 and 64% equilib-
rium propane conversion, respectively (Figures 6¢ and S24).
These values are higher than those of most reported
Pt-containing catalysts tested at the same or higher tempera-
tures (Figure 6¢c). Considering the low Pt content, the
1Co-0.1Pt@S-1 catalyst outperforms all previously reported
catalysts in terms of STY(C;H)p,, as seen in Figure $23.

A series of six PDH/regeneration cycles were carried out to
test catalyst durability (Figure S25). Although no deactivation
of the catalyst was observed within each PDH cycle lasting for
1 h, the catalyst showed lower conversion in subsequent PDH
cycles after oxidative treatment. This decrease in conversion
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Figure 6. (a) On-stream profiles of X(C,H,) exp/X(CsHs) - outlet propene concentration (C(C,Hy),,), and propene selectivity over
1Co-0.1Pt@S-1 in a 110 h PDH test at 500 °C, using a feed with 90 vol % C,H, at WHSV(C,Hy) of 35 h™". (b) Rate of propene formation versus
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Figure 6. continued

deactivation rate constant (kd) determined for 1Co-0.1Pt@S-1 and different Pt-based catalysts (Table S6). (c) STY(C,H,) determined over

1Co-0.1Pt@S-1 and literature reported Pt-based catalysts (Table S7) versus X(C,Hy), xp/X(C3H8)e o Reaction conditions: T = 500 or 550 °C,

C,Hg:N, = 9:1 or C;Hg:N, = 4:6, WHSV(C,H,) = 35.4 or 94.3 h™". (d) Time-on-stream profiles of propane conversion and propene selectivity

over 1C0-0.1Pt@S-1. Reaction conditions for (d): T = 525-550 °C, C,Hg:N, = 2:3, WHSV(C,H,) = 15.7 h ™",

became less pronounced from cycle to cycle. To get an insight
into the origin of the catalyst deactivation, the spent catalyst
after six cycles was characterized by HRTEM. Agglomerated
Pt particles were identified on its surface (Figure 526).

To further demonstrate the industrial relevance of the devel-
oped catalyst, we performed an additional stability test at 525
and 550 °C using a reaction feed with 40 vol% C,Hg at
WHSV(C,Hy) of 15.7 h™" (Figure 6d). The conversion of pro-
pane was above 30% (above 90% of X(C3H8)eq) and 35%
(above 84% of X(C3H8)eq) within 36 h on propane stream at
525 and S50 °C, respectively. The corresponding propene
selectivity values were above 95 and 93%. The major challenges
hindering industrial application of PtCo/silicalite-1 materials
are to improve their durability and to provide an economically
feasible preparation method with hydrothermal crystallization
of silicalite-1.

Bl CONCLUSIONS

In summary, the results obtained in this study show that the pro-
motion of Co/silicalite-1 with minute amounts (up to 1000 ppm)
of Pt results in highly active, stable, and durable PDH catalysts.
The most active 1Co-0.1Pt@S-1 catalyst outperforms state-of-
the-art Pt-based catalysts including an analog of a commercial
Pt—Sn/Al,Oj catalyst tested in parallel, in terms of the space—time
yield of propene formation under close-to-equilibrium conditions
using an industrially relevant reaction feed. Complementary char-
acterization analysis revealed that sub-nanosized PtCo intermetal-
lic compounds formed in situ within the support act as active
species. They show a lower ability to undergo consecutive trans-
formations of propene to coke and C,—C, hydrocarbons in com-
parison to monometallic Pt or CoOy species. This is advantageous
for achieving propene selectivity of over 95% at propane conver-
sion close to equilibrium.
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