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Abstract

Non-oxidative dehydrogenation of propane (PDH) is an important route for large-scale on
purpose propene production. Although cobalt-based catalysts are promising alternatives to
currently used platinum- or chromium oxide-based catalysts, their further developments are
hindered by the uncertainties related to the kind of the active sites involved in the desired and
side reactions. To contribute to closing such a gap, we systematically investigate the role of
oxidized CoOx and metallic Co® species in the PDH reaction over catalysts based in Silicalite-
1 with supported CoOx species differing in their redox properties. CsHsg pulse experiments with
sub-millisecond and second resolution at pulse sizes of about 13 nmol and 2200 nmol,
respectively, combined with in-depth catalyst characterization and PDH tests at different
propane conversions enabled us to understand how the reaction-induced reduction of CoOx
affects product selectivity. Propane readily reacts with CoOx to yield propene, carbon oxides
and water. The formed Co® species show high activity to coking and cracking reactions.
However, if the size of such species is below 2 nm, these undesired reactions are significantly
hindered due to the coverage of the active sites by carbon-containing species. The remaining

uncovered surface Co® sites selectively dehydrogenate propane to propene.

The best-performing catalyst showed higher activity than a commercial-like K-CrOy/Al203
and operated durable in a series of 10 dehydrogenation/regeneration cycles under industrial
relevant conditions. The space time yield of propene formation of 0.97 kg-h™t-kgea® was

achieved at 550°C, 52% equilibrium propane conversion and 95% propene selectivity.
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1 Introduction

Propene is one of the most important basic petrochemicals widely used for the
production of polypropylene, solvents, acrylic acid, etc}?. The conventional routes for the
manufacture of this building block include steam or fluid catalytic cracking of different oil
fractions®, metathesis of ethene with 2-butenes*®, methanol to olefin” and non-oxidative
propane dehydrogenation (PDH)81°. The PDH approach has been attracting increasing attention
because of the shale gas revolution. This reaction is carried out on a large scale using highly
expensive or environmentally unfriendly Pt- or Cr-containing catalysts. Extensive efforts have
been made to develop cheaper and more environmentally compatible alternatives. In this
respect, oxide catalysts based on non-noble metals, including Zn 23, zr 15 Mo 6, v 17-18

Ga 1920 Co 2?2 are among the most promising candidates.

Co-based catalysts are of particular interest due to their excellent ability to selectively
activate C-H bonds in various alkanes?*-?*. However, the kind of the active species (Co°, Co?*
or Co304) responsible for the formation of propene in the PDH reaction is still controversially
discussed in literature. Isolated Co?*Ox species on the surface of Si02%2¢, Al,0s?" or zeolites?
29 are widely accepted to be required for the desired reaction, while metallic Co° species
catalyze cracking reactions of propane and coke formation®®-3!, However, other studies®® 32
suggest that the highly dispersed CoP species formed in situ from CoOx dehydrogenate propane
to propene selectively. A few efforts have been made to understand the role of metallic Co® in
the PDH reaction. Recently, Li et.al®® reported that small metallic Co® species formed from
large Co? particles under reduction-reoxidation treatments show high dehydrogenation activity
while their precursors tend to catalyze coking and cracking reactions. Yuan et.al*® prepared
ultrasmall CoOx particles confined in the silanol nests of dealuminated beta zeolite and

concluded that Co? formed in situ was responsible for the selective dehydrogenation of propane

to propene. Yun et.al® reported that both Co® and tetrahedral Co?*Ox on the surface of Co/Al.O3



are active in the PDH reaction, with the latter being more selective. Since CoOx can be reduced
to Co® at high temperatures required for the PDH reaction, such contradictive statements
regarding the role of Co® are detrimental to the rational development of Co-based catalysts and

motivate further studies.

Against the above background, a series of Co-containing catalysts differing in CoOx
speciation were prepared using Silicalite-1 as a support. The purpose was to elucidate the role
of acidic, redox, and structural properties of CoOx species on their PDH performance. To be
successful in this regard, the catalysts were characterized by complementary techniques
including XRD, NHs-TPD, H>-TPR, TEM, UV-Vis, Raman, XPS and X-ray absorption
spectroscopy. Further mechanistic insights into the role of different oxidation states of cobalt
in product formation were derived by temporal analysis of products with sub-millisecond and
second resolution. The results obtained provide a comprehensive basis for the development of
industrially relevant Co-containing PDH catalysts as supported by the high performance of the
best-performing catalyst developed in this study. It showed higher activity than an analogue of
commercial of K-CrOx/Al>Os and was durable in a series of 10 dehydrogenation/regeneration

cycles under industrially relevant conditions.

2 Experimental part
2.1 Catalyst synthesis

Silicalite-1 (S-1) was prepared according to our previous work'3, Briefly, TPAOH, TEOS
and water were mixed with a mass ratio of TEOS: TPAOH: H20 = 1: 0.244: 0.518, and stirred
at room temperature for 6 h, followed by hydrothermal treatment at 100°C for 48 h. After
cooling down to room temperature, the formed solid material was separated by centrifugation,
and then washed with deionized water and dried at 100°C. Finally, the obtained solid material
was calcined at 550°C for 6 h to yield the S-1 support. Co/S-1 catalysts with different Co
amounts were prepared by incipient impregnation method using an aqueous solution of
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Co(NOz3)2:6H.0 followed by drying at 100°C for 12 h and calcination in air at 550°C for 4 h.

The samples obtained were denoted as xCo/S-1, where “x” is the weight percentage of cobalt.

An analogue of the commercial K-CrOx/Al2O3 catalyst was prepared according to the
protocol described in the literature®*. Briefly, two aqueous solutions with the required amounts
of CrOs; and KOH were separately prepared and then mixed. Hereafter, Al,O3 (Saint-Gobain
NorPro) was impregnated with the resulting solution. The catalyst precursor was dried at 120°C
overnight and calcined at 760°C for 4 h. The nominal concentrations of Cr.0z and KzO in the

resulting catalyst are 19.7wt% and 0.93wt% respectively.

2.2 Catalyst characterization
X-ray diffraction (XRD) patterns of as prepared catalysts were recorded using a Bruker
D8 Advance diffractometer operating with Cu K« radiation (0.15406 nm) at 40 KV and 100

mA.

UV-vis spectroscopy measurements were carried out using an Avantes spectrometer
(AvaSpes-2048-USB2-RM) equipped with a high-temperature reflection UV-vis probe, an
Ava-Light-DH-S-BAL deuterium-halogen light source and a CCD array detector. The probe
consisting of six radiating optical fibers and one reading fiber was threaded through the furnace
to face the wall of the quartz tubular reactor at the position where the catalyst (100 mg) was
positioned. The UV-vis spectra were recorded at room temperature in the range from 200-1000
nm. Barium sulfate (99.998%, Aldrich) was used as a white standard. For operando UV-Vis
tests, 1Co/S-1 was heated in N2 from room temperature to 550 °C followed by pulsing a mixture
with 5vol%CsHs in Ar using a loop of 1 mL. The relative reflectance (Rrer) defined as the ratio
of the reflectance of 1Co/S-1 under PDH conditions to that of the fully oxidized catalyst was

used to calculate the relative Kubelka-Munk function F(Rrel) using equation 1.

(1-Rpe))’
Fi (Rrel): 2><—Rll 1



High-resolution electron transmission microscopy (HRTEM) images were recorded on

an FEI Talos 200X with a working voltage of 200 kV.

X-ray absorption spectra at the Co K absorption edge were recorded at the P65 beamline
of PETRA 111 synchrotron radiation source (DESY, Hamburg) in transmission mode. Higher
harmonics were rejected by a pair of Si plane mirrors installed in front of the monochromator.
The energy of the X-ray photons was further selected by a Si(111) double-crystal
monochromator and the beam size was set by means of slits to 0.3 (vertical) x 2.0 (horizontal)
mm?. 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
3.0-8A™! and multiplied by a Hanning window with sill size of 1 A™. The FT EXAFS spectra
were not corrected for the phase shift. The fitting was performed in the r-space on k!, k?-
weighted data in the r-range of 1.0-3.5 A. Co foil as a reference compound was used to establish
the value of the reduction factor S¢2. For this purpose, the correlation between So? and the °
was determined under differently weighted functions k"y(k) (n = 0, 1, 2), which was obtained
from modeling the first coordination sphere of Co foil. The crossing region of these curves was

centered to obtain the value.

Temperature-programmed reduction tests with Ho (H2-TPR) were carried out in an in-
house developed setup containing eight individually heated continuous-flow fixed-bed quartz
reactors. This set-up was also used for temperature-programmed desorption tests with ammonia
(NH3-TPD) and temperature-programmed surface reaction (CsHgs-TPSR) measurements with

CsHs.

For Ho-TPR tests, 100 mg of each sample was heated in flowing air to 500°C for 1 h,
cooled down to room temperature and purged with Ar for 15 min. Hereafter, the catalysts were
heated in a flow of 5vol% H. in Ar (10 mL-min) up to 900°C with a heating rate of 10 K-min-
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1. An on-line mass spectrometer (Pfeiffer Vacuum OmniStar GSD 320) was used to record

signals at m/z of 2 (H2) and 40 (Ar), with the latter one being a reference standard.

Before NH3-TPD tests, each sample (50 mg) was calcined in flowing air at 550°C for 1
h, flushed with Ar (10 mL-min™) for 15 min, reduced with 40vol% Hz/Ar (10 mL-min™) for 30
min, cooled down to 120°C, and finally purged with Ar for 15 min. Hereafter, the treated
materials were exposed to a flow of 1vol% NHs in Ar (10 mL-mint) at 120°C for 1 h, flushed
with Ar for 5 h to remove weakly bound NHj3 at the same temperature, and then cooled down
to 80°C in the same flow. Then, they were heated in Ar flow up to 900°C with a heating rate of
10 K-min*. Desorbed ammonia was monitored using an on-line mass spectrometer (Pfeiffer

Vacuum OmniStar GSD 320). The signals at m/z of 15 (NH) and 40 (Ar) were recorded.

Before starting CsHg-TPSR tests, all catalysts (50 mg for each sample) were calcined at
500 °C in flowing air for 1 h and then cooled down to 300 °C. Hereafter, the catalysts were
flushed with Ar for 30 min and then exposed to a flow of C3Hs/Ar=10/90 (10 mL-mint). The
temperature was initially kept at 300°C for 15 min to obtain stable mass spectroscopic signals.
Then, the catalysts were heated up to 600°C with a heating rate of 10 K-min. The signals at
m/z of 44 (CsHg), 42(CsHs), 18 (H20), 16 (CH.), 2 (H2), and 40 (Ar) were collected. The
contribution of propane to propene and methane signals was separately determined using a
calibration mixture with 10vol% CsHg in Ar and subtracted from the overall signals at m/z of

42 and 16.

Pseudo in situ X-ray photoelectron spectroscopy (XPS) measurements were performed in
a laboratory Near Ambient Pressure X-ray photoelectron spectroscopy system (NAP-XPS,
SPECS Surface Nano Analysis GmbH, Germany). The setup is equipped with a differentially
pumped Phoibos 150 electron energy analyzer and a monochromated Al K« radiation source (E
= 1486.6 eV) operated at 70 W and 15 kV. The system is connected to a High-Pressure Cell

(HPC 20, SPECS Surface Nano Analysis GmbH, Germany), which offers sample heating by a
7



halogen lamp (up to 800°C) and is equipped with 4 mass flow controllers at the gas inlet and a
manual back pressure regulator (Swagelok, USA) at the outlet. For the current experiments at
ambient pressure, a total flow of 50 mL/min was used for the catalyst treatment with 40 vol%
H> in N2 at 550°C for 30 mins. After a given time on stream, the treated sample was cooled
down in N2 before the cell was evacuated and then transferred under vacuum to the
measurement chamber. The powder samples are pressed on a stainless-steel sample plate using
a laboratory press with 5 mm diameter and a load of about 1 ton. Temperature was monitored
by a thermocouple on the sample plate pressed to the sample surface. The electron binding
energies were obtained with charge compensation using a flood electron source and referenced
to the Si 2ps2 peak of SiOz at 103.3 eV. For quantitative analysis, the peaks were deconvoluted

with Gaussian-Lorentzian curves using the software Unifit 2023.

The size of CoP particles and Co® dispersion on the surface of reduced 1Co/S-1 and 5Co/S-
1 were calculated based on the amount of H, desorbed and reduction degree of CoOx as follows.
Each catalyst (100 mg) was initially heated to 550°C in a flow of O2/He=1:4 (20 mL-mint) for
30 min, flushed with He (20 mL-mint) for 15 min, reduced with 40vol% Hz/He (20 mL-min™)
for 30 min, and then cooled down to 50°C. Hereafter, the reduced catalysts were flushed with
He for 12 h to remove weakly bound H> at the same temperature. Then, they were heated in He
up to 550°C with a heating rate of 10 K-min. The degree of reduction of CoOx in the reduced
catalysts was determined by O pulse titration tests (the overall pulse size was 1 mL) at 550°C
using a 5vol% O./He mixture to re-oxidize the reduced metallic cobalt. Desorbed H> and
consumed O2 were monitored using an on-line mass spectrometer (Pfeiffer Vacuum OmniStar

GSD 350). The signals at m/z of 2 (H2), 32 (O2) and 4 (He) were recorded.

Operando Raman experiments were used to monitor the restructuring of the catalysts
during the pretreatment and PDH reaction using a Renishaw inVia Raman microscope equipped

with a 633 nm air cooled He Ne laser. The tests were conducted in a Linkam reaction cell with
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a ceramic reactor containing approximately 50 mg of the catalyst, resulting in a total filling
height of about 4 mm. The laser beam was focused on the sample with a x20 objective, whereby
a laser power of no more than 1.7 mW was set to avoid fluorescence, sample damaging and still
achieve sufficient band intensity. For calcination, the catalysts were heated in He to 550°C (10
K-min'!) before being exposed to synthesis air (10 mL/min) for 30 min. After flushing with He
for 15 min, the oxidized catalysts were exposed to 40vol%CsHs/N2 mixture (10 mL/min) for
60 min. All gases were dosed by calibrated mass flow controllers. Spectra were collected at a

defined temperature or duration of exposure, respectively.

2.3 CsHg-pulse experiments at ambient pressure

C3Hg-pulse experiments were performed over oxidized and reduced 1Co/S-1 and 3Co/S-1
samples according to the following protocol. To investigate the oxidized catalyst, 100 mg of
each sample were initially heated to 550°C in a flow of O2/Ar=1:4 (10 mL-min™") for 30 min
and then flushed with Ar for 20 min. Finally, an CsHg/Ar=5:95 mixture was pulsed (the pulse
size was 1 mL) 20 times. To analyze the reduced catalysts, 100 mg of each sample were initially
calcined at 550°C in flowing O2/Ar=1:4 (10 mL-min™') mixture for 30 min and then flushed
with Ar for 20 min. Hereafter, the oxidized catalysts were exposed to a flow of Ho/Ar=1:4 (10
mL-min!) for 30 min and flushed with Ar for 20 min. Finally, an CsHs/Ar=5:95 mixture was
pulsed (the pulse size was 1 mL) 20 times. The signals at m/z of 40 (Ar), 29 (CzHs), 41 (CsHe),
2 (H2), 16 (CHa4) and 44 (CO2) were recorded by an on-line mass spectrometer (Pfeiffer Vacuum

OmniStar GSD 350).

2.4  Temporal analysis of products

Transient experiments with sub-millisecond resolution were performed in the temporal
analysis of products (TAP-2) reactor system described in Ref.238, In these experiments, each
catalyst (1Co/S-1 or 5Co/S-1, 30 mg, 315-715 um fraction) was sandwiched between two layers

of quartz particles (250-355 pm) within the isothermal zone of a quartz tube reactor. Prior to



the experiments, the catalysts were treated either oxidatively or reductively. A fresh sample was
used for each type of treatment. For the oxidative treatment, the catalysts were heated from
room temperature to 550°C in an O-containing flow (3 mL/min of Oz and 3 mL/min of N) for
30 min. During the reductive treatment, the catalysts were first oxidized as described above.
The reactor was then evacuated and finally exposed to a flow of H2 (2 mL/min) and N2 (3
mL/min) at the same temperature for 1 h. After evacuation to ca. 10° Pa, a CsHs:Ar = 1:1
mixture was pulsed at 550°C. The mixture was prepared using CsHg (Linde, 3.5) and Ar (Air

Liquide, 5.0) without additional purification.

The experiments were carried out with an overall pulse size of 1.2-2x10® molecules. The
feed components and the reaction products at the reactor outlet were identified using an on-line
quadrupole mass spectrometer (HAL RC 301 Hiden Analytical). The following m/z values were
monitored: 44 (CO,, CsHs), 42 (CsHs, CsHs), 41 (CaHs, CaHs), 29 (CsHs), 28 (C3Hs, CaHs, CO»,
CO), 26 (CzHs, C3Hs, C2Hs, C2Hs), 18 (H20), 16 (CH4), 2 (H2) 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 compounds to a certain m/z value was estimated from standard fragmentation

patterns, determined in separate experiments.

2.5 Propane dehydrogenation tests

All catalytic tests were carried out at 550°C and 1 bar in an in-house developed setup
consisting of 15 continuous-flow fixed-bed quartz reactors. Typically, the catalysts (25 mg,
fraction of 315-710um) were heated to 550°C in N> flow with a heating rate of 10 K-min* and
then treated in air for 1 h. Hereafter, they were flushed with N2 for 15 min and exposed to a
flow (40 mL-min) of 40vol% CsHs/N,. To determine an apparent activation energy of propene
formation in the temperature range of 500-545°C, catalytic tests were carried out at propane
conversion below 10%. To this end, the catalyst amount and the total feed flow were varied

from 25 to 50 mg and from 10 to 40 mL-min™!, respectively. The rate of propene formation was
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determined at a degree of propane conversion below 10% after the first 240 s on propane stream

(equation 2).

I‘(C3H6)= Ffeed'xC3H6 2

Vin'Mcat

where Fy,.q is the volumetric feed flow rate (mL-min™). xc34¢ is the mole fraction of C3Hs. Vim
and meca stand for the molar volume (22.4 mL-mmol ') and catalyst mass, respectively.

Durability of 1Co/S-1 was investigated in a series of 10 PDH/regeneration cycles
performed at 550°C using a 40vol% C3Hs/N2 mixture (10 mL-min™). The catalyst amount was
set to 100 mg. Prior to the first PDH cycle, the catalyst was heated to 550°C in N2 flow and
then calcined in air for 1h. Each PDH cycle lasted for 120 min, while catalyst regeneration was
performed at the same temperature in air flow and lasted for 30 min. The PDH and the
regeneration cycles were separated by a purging step in N2 flow for 15 min.

Equations 3-6 were used for calculating propane conversion (X(CzHs)), selectivity to gas-
phase products (Si) and space-time yield of propene formation (STY(CsHe)), as well as an

apparent deactivation rate constant (kq), respectively.

A, -0

— 318 308
X(C3H8)_ A 3

C3Hg
VC3H i

Si: 3, £ X .in : . out 4

Vi nC3H8_nC3H8

FreedX Xc3H6 X Mc3H6

STY(C3H6) == 5

1000 % Vpp, X Mgy

lnl'Xend _ lnl'Xstan

X Xg
kd — end start 6
t

i (i or fc,p,) With superscripts in or out stands for the mole flows of gas-phase reaction
products or propane at the reactor inlet or outlet. Here, vj is the stoichiometric coefficient for

product i. Mc,y, stands for the molar weight of propene (42.08 g-mol™). N2 was used as internal
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standard to consider reaction-induced changes in the number of moles. Xstart and Xend Stand for

propane conversion after 4 min and 4 h on stream, respectively.

An on-line gas chromatograph (Agilent 6890) equipped with PLOT/Q (for CO>), AL/S (for
hydrocarbons), and Molsieve 5 (for Hz, O2, N> and CO) columns as well as flame ionization
and thermal conductivity detectors was used for quantifying the concentration of the feed

components and the reaction products.

3 Results and discussion
3.1 Catalysts and their general characterization

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
was applied to analyze the effect of Co loading (0.6-5wt%) on the size of supported CoOx
species (Figure 1). As expected, the average size increased from 1.6 to 4 nm with an increase
in the loading from 0.6 to 5 wt% (see inserts in Figure 1). No crystalline Co-containing phase(s)
could be identified in the 0.6Co/S-1 and 1Co/S-1 catalysts, while a diffraction peak at 26 =36.9°
characteristic of CozO4 (see Ref.3%) appeared in the XRD patterns of higher loaded catalysts
(Figure S1b). The difference between these two catalyst groups should be related to the size of
supported CoOx. X-ray amorphous Co3O4 could be identified in the 0.6Co/S-1 and 1Co/S-1
catalysts as can be concluded from the UV-Vis spectra displaying two bands at around 445 and
740 nm typical for this cobalt oxide® (Figure 2(a)). Additional bands at around 497, 542 and

667 nm present in the spectra of all catalysts can be attributed to divalent of Co?,
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Figure 1. HAADF-STEM images of as-prepared (a) 0.6Co/S-1, (b) 1Co/S-1, (c¢) 3Co/S-1 and
(d) 5Co/S-1.

For the 5Co/S-1 and 3Co/S-1 samples, their XANES spectra look similar to that of Co304
(Figure 2b), indicating the presence of this cobalt oxide as also proven by our XRD analysis
(Figure S1b). In the case of the samples with lower Co loading, the intensity of the main edge
peak at 7724.6 eV (marked with * in Figure 2b) increases, which could be explained by the
presence of CozO4 nanoparticles with a smaller size®. According to the fit of the EXAFS
spectra (Figure 2c, Figure S2), a Co-O-Co bond assigned to CosO4 was identified?’. The higher
the Co-O-Co coordination numbers (CNs), the bigger the CosOj size?®. The fitted CNs of
0.6Co/S-1 and 1Co/S-1 are 4.7 and 5.4, respectively. These values are lower than 9.2 and 8.9

obtained for 3Co/S-1 and 5Co/S-1, respectively.
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Figure 2. (a) UV-Vis spectra and (b) Co K-edge XANES of the fresh catalysts and reference
samples (Cos04 and Co foil). The corresponding k?-weighted Fourier transform spectra are
shown in (c).

3.2 Redox behavior of supported CoOx species

The reducibility of the fresh xCo/S-1 catalysts was investigated by H>-TPR. The reduction
process starts at a relatively low temperature, depending on the Co loading (Figure 3a). Only
one Hx consumption peak between 354-325°C was identified in the H>-TPR profiles of 0.6Co/S-
1 and 1Co/S-1 and was attributed to the reduction of Co3O4 to metallic Co, which looks like a
“single-step” process because the unstable CoO as intermediate is typically unseen upon
reduction of small sized Co304 domains*. Noticeably, two obvious H, consumption peaks are
present in the Hx-TPR profiles of 3Co/S-1 (335 and 384°C) and 5Co/S-1 (353 and 453°C),
possessing large crystalline CosO4 species. In agreement with Ref.*2, the following reduction

processes Co304—Co0—Co should be valid for these two catalysts.
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Figure 3. (a) H2-TPR profiles of xCo/S-1. (b) Quasi in situ XP spectra of 1Co/S-1 after
treatment at 550°C with 20vol% O2/Ar or 40vol% Ha/Ar. (¢) In situ UV-Vis spectra of 1Co/S-
1 after treatment at 550°C with 40vol% Ha/Ar.

The presence of Co® was confirmed directly by quasi in situ XPS measurements performed
after reduction of 1Co/S-1 in 40vol% Ha in N2 at 550°C for 30 min (Figure 3b). Whereas only
Co?* with its characteristic satellite features ** was identified in the calcined catalyst, a
pronounced Co® peak at 777.6 eV * was observed after reduction treatment at 550°C. As the
reduction ability of propane is even stronger than that of Hz, Co® species should also be formed

in situ during the PDH reaction.

In situ UV-vis spectroscopy was applied to characterize the reduction of CoOx species in
1Co/S-1 in a 40vol% Ha/Ar flow at 550°C (Figure 3c). This reducing agent was used instead of
C3Hg to avoid coke formation. The broad bands at 420 nm and 740 nm in the oxidized catalyst
were assigned to the charge transfer transitions between O% and Co?*, as well as between O
and Co®*, respectively. An obvious decrease in the intensity of the bands could be observed
during the first 20 seconds on H stream. Based on the XPS data discussed above, the Ho-
induced changes in the UV-vis spectrum can be interpreted as partial reduction of CoOx to Co°.
The bands at 566, 594 and 667nm can be ascribed to the vs3(4A2—*T1(P)) transition

characteristic of tetrahedral Co?* species in the framework of zeolite?®. They didn’t disappear
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during the H. treatment, indicating that the tetrahedral Co?* species were stable under treatment

conditions.

3.3 Catalyst activity

The initial rate of propene formation over xCo/S-1 at 550°C is shown in Figure 4a. The
conversion of propane in these tests was lower than 10% to ensure a differential reactor
operation. The rate increased with increasing Co loading up to 1wt% and reached its maximal
value of 1.2mmol-g*-min?. Noticeably, this activity level is higher as compared to a
commercial analogue of K-CrOx/Al203. When the cobalt loading was above 1wt% the activity
decreased obviously. The decrease might be due to the presence of crystalline CozO4 in higher

loaded catalysts as proven by HAADF-STEM and XRD (Figure 1 and Figure S1)%,

Further insights into the effect of Co loading on PDH were derived from temperature-
programed surface reaction of propane (CsHg-TPSR) in the temperature range of 300-600°C
(Figure S3). The lowest initial propene formation temperature of 424°C was determined for
1Co/S-1 (Figure 4b), which is consistent with the highest activity of this catalyst under steady-
state conditions (Figure 4a). No obvious propene formation over 5Co/S-1 could be observed
below 575°C. For all catalysts, HoO was formed above 370°C which is lower than the
temperature of CzHs formation (Figure 4b,d). The formation of H>O is a clear indicator for the
removal of lattice oxygen from Co304 by propane, i.e. this oxide is reduced. H, was also formed
in the C3Hs-TPSR tests. This process started at higher temperatures than the formation of H.O
(Figure S3, Figure 4d). In addition to the above-mentioned products, methane was also formed
to varying degrees depending on Co loading. The highest amounts were formed over 5Co/S-1
(Figure 4c). Combined with the Hz-TPR results, Co® should be formed in situ during CsHs-
TPSR. Based on the latter results and catalyst characterization by XAS (Figure 2), HAADF-
STEM (Figure 1) and XRD (Figure S1), small Ca® particles should be active for the desired

reaction, while Co° larger than 4nm are active for cracking reactions.
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Figure 4. (a) The rate of propene formation over xCo/S-1. Temperature-resolved m/z values
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surface reaction of C3Hg with xCo/S-1 between 300 and 600°C. (e) Arrhenius plots of the
propene formation rate over xCo/S-1 as well as the respective apparent activation energy (Ea).
(F) Ea versus the size of CoOx NP determined by HAADF-STEM (Figure 1).
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Co loading in the catalysts is also relevant to the apparent activation energy (Ea) of propene
formation determined from the rate of propene formation in the temperature range from 500 to
545°C (Figure 4e). Similar Ea values, i.e., 104 and 101 kJ-mol ™, were found for 0.6Co/S-1 and
1Co/S-1, respectively. When the loading of Co was increased to 3 and 5 wt%, Ea also increased
to 125 and 182 kJ-mol™, respectively. These results indicate that the catalysts with smaller Co°

particles have lower E, and higher intrinsic activity for propene formation (Figure 4f).

3.4 Reaction pathways of products formation

Having identified the effects of Co loading on catalyst activity, we also analyzed the
selectivity-conversion relationships for CsHe, C1-C> hydrocarbons (cracking products) and coke
to check if and how the loading affects primary and secondly reaction pathways in the course
of PDH. The conversion was varied by changing both catalyst amount and total feed flow, while
the reaction temperature and the feed composition were constant. For all catalysts the selectivity
to propene decreases with increasing propane conversion (Figure 5a). An opposite trend was
found for the selectivity to cracking products and coke (Figure 5a,b). Such results indicate that
propene is formed directly from propane and is further converted into coke and cracking
products. When the selectivity to Ci-C> hydrocarbons was extrapolated to zero propane
conversion, a zero value was obtained (Figure 5b, Figure S4). Thus, these products should not
be additionally formed directly from CsHg but originate from CsHs exclusively as can be
concluded from the decrease in the selectivity to the latter product with increasing propane
conversion. A near-zero selectivity to coke at zero propane conversion was also obtained for
the 0.6Co/S-1 and 1Co/S-1 catalysts (Figure 5c, Figure S4). Similar to C1-C> hydrocarbons,
coke should be formed from propene but not from propane. These conclusions are indirectly
supported by close to 100% propene selectivity extrapolated to zero propane conversion. Such
selectivity value of 3Co/S-1 is lower suggesting the presence of direct pathways of propane

conversion to C;-C> hydrocarbons and coke. Nevertheless, the main routes leading to these
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products involve propene. These reactions are favored by large CoOx particles. Based on the

above discussion, two possible reaction networks of propane dehydrogenation were proposed

for 0.6Co/S-1and 1Co/S-1 (Figure 5d) as well as 3Co/S-1 (Figure 5e).
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Figure 5. The selectivity-conversion relationships for (a) propene, (b) C1-C, hydrocarbons and
(c) coke formed over 0.6Co/S-1, 1Co/S-1 and 3Co/S-1. Proposed reaction pathways for propane
dehydrogenation over (d) 0.6Co/S-1 and 1Co/S-1 as well as (e) 3Co/S-1. Reaction conditions:
T=550°C, C3Hs:N2=2:3, WHSV(C3Hg)=2.4-14.1 h'l,

Since catalyst acidity is usually considered to be the most important catalyst property

affecting coke formation and selectivity to cracked products, we also tried to see if such a

correlation held true for our catalysts. No obvious correlation was obtained between the

selectivity to these products and the acidity of the catalysts determined from NHs-TPD tests
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(Figure S5-6, Table S2). Therefore, the selectivity difference should be mainly related to the

size of metallic Co®.

3.5 The kind of Co-containing species involved in the formation of propene and side
products

To investigate the ability of oxidized supported CoOx species to oxidatively dehydrogenate
propane, two series of pulse experiments with C3Hg were performed using the 1Co/S-1 and
5Co/S-1 catalysts under different pressure conditions. The very early catalyst performance
without significant changes in the oxidation state of CoOx during a pulse was analyzed using a
Temporal Analysis of Products (TAP) reactor®®-, which operates in high vacuum with sub-
millisecond resolution. In these experiments the amount of pulsed propane in one pulse was
about 13 nmol. In the tests performed at ambient pressure with a second resolution using a
conventional pulse reactor, the propane pulse size was about 2200 nmol. We start our discussion

with the results of TAP tests.

When a C3Hs:Ar=1:1 mixture was pulsed over the oxidized 1Co/S-1 or 5Co/S-1 catalysts
at 550°C H20, CO, and CO were formed (Figure 6a and d). Additionally, the formation of CzHs
and H> was observed over 1Co/S-1. For better distinguishing between the responses
corresponding to the substances with different molecular masses the experimental time was
transformed into a dimensionless time as suggested in Ref.*. The formation of oxygen-
containing products indicates that the lattice oxygen of the CoOy species has been consumed in
the reaction with propane, resulting in the reduction of CoOx species. The absence of CsHs and
H> in the product spectrum in the test with 5Co/S-1 indicates that large CoOx species provide
significantly higher amount of lattice oxygen as compared to the amount of pulsed propane,

which is favorable for deep oxidation reactions (Figure 6d).
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Figure 6. The normalized transient responses recorded upon pulsing a CsHg:Ar = 1:1 mixture
at 550°C over oxidized (a) 1Co/S-1 and (d) 5Co/S-1. (b,e) CsHs and (c,f) H2 response recorded
at 550°C after pulsing (1mL) of a C3Hg/Ar=1:19 mixture over oxidized (b,c) 1Co/S-1 and (e,f)
5Co/S-1. Before the C3Hg pulses, the catalysts were exposed to a flow of O2/Ar=1:4 (10 mL/min)
at 550°C for 30 min and then flushed with Ar for 20 min.

In agreement with the TAP results discussed above, CsHs, H2, CO2 and CH4 were formed
over oxidized 1Co/S-1 in the first CsHg pulse (a CsHs:Ar=1:19 mixture) at 550°C and ambient
pressure (Figure 6b,c, Figure S7). However, Hy was the only gas-phase product detected in the
second to fourth C3Hs pulses. The difference between these tests and the TAP tests should be
related to the amount of propane pulsed. The amount in the first propane pulse was about 440
times higher as compared to the total amount of propane pulsed in the whole TAP tests. The
absence of any carbon-containing gas-phase products in the second to fourth propane pulses
suggest that propane was decomposed to coke and hydrogen. Propene started to be formed again
from the fifth pulse. Its concentration increased with increasing number of propane pulses. This

induction period in the formation of propene suggests that selective Co-containing species are
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formed in situ and carbon-containing species play an important role. As recently reported in

Ref.*, a carbon-containing layer on oxidized CoOx species can modify their performance.

For oxidized 5Co/S-1, only CH4 and CO, were formed in the first four CsHs pulses (Figure
S8). Hz appeared in the fifth pulse and its amount increased with increasing number of propane
pulses (Figure 6f). CO, disappeared after the eleventh C3Hs pulse, indicating that supported
CoOx species provided all available oxygen species (Figure S8). In contrast to 1Co/S-1, propene
was not observed during the whole (20 propane pulses) pulse experiment (Figure 6e). H2 and
CHas were the only gas-phase products. Thus, large CoOx species reduced in situ are active in
cracking and complete dehydrogenation reactions rather than in the selective dehydrogenation

to propene.

To validate the above conclusions about the role of metallic Co°® species and carbon
deposits, we performed a similar series of propane pulse tests using 1Co/S-1 and 5Co/S-1
reduced in Hz at 550°C for 30 min. According to the XPS results, the reductively treated
catalysts should contain metallic Co®. The particle size of CoP species on the surface of reduced
1Co/S-1 and 5Co/S-1 was determined to be 2.0 and 4.5 nm, respectively (Figure S9-10; Table
S3). Regardless of the size of propane pulse, no propene formation could be observed in the
tests with reduced 5Co/S-1 (Figure 7d-f, Figure S12b) although propane conversion at ambient
pressure tests was close to 100% (Figure S12a). The only gas-phase product observed over
5Co/S-1 was Hz (Figure 7d). C2H4, CH4 and H2 were formed over reduced 1Co/S-1 in the TAP
tests (Figure 7a). Importantly, the total amount of propane pulsed in this test was too low to
change the state of metallic Ca® species. Thus, the latter species or partially reduced CoOx
cannot be the selective sites responsible for the formation of propene from propane. This
statement was supported by the results of pulse tests at ambient pressure performed with pulse
sizes significantly higher than those of the TAP tests. In agreement with the above TAP results,

no propene and methane were detected over reduced 1Co/S-1 in the first two propane pulses
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(Figure 7b, Figure S11), while H2 was formed (Figure 7c). Carbon-containing deposits must
also be formed. Propene was observed in the third pulse and its concentration increased with
increasing number of propane pulses (Figure 7b). The concentration of hydrogen decreased

indicating that the formation of coke also decreased (Figure 7c).

(a) (b) (c)
5 8.00E-12 1.00E-09
< 10 ——Re_1Co/S-1 ——Re_1Co/S-1
= 8.00E-10-
> 6.00E-12
2
Q T 6.00E-10
-— ™ N
S (5 400E-12 T
0.5 | |
3 - N 4.00E-10
N <~
= 2.00E-12-
£ 2.00E-10-
=
2
0.00E+00-
0.0 T T T . : . ; 0.00E+00 . i . ;
o 5 10 15 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Dimensionless time / - Time /s Time /s
(d) _ (€) gooE-12 (f) 1 60e-00
= 1.0 —— Re_5Co/S-1 ——Re_5Co/S-1
® H
~ 2
= 6.00E-12- 1.20E-09 |
%)
c ILD
L < ~
= O 4.00E-12+ II 8.00E-10-
= 059 o N
Q <
s 2.00E-12- 4.00E-10-
% CSHS
Ar " " j
= 00 ‘ ‘ ) 0,00E+007WWWWWH‘”““ J\Hm\‘ 0.00E+00 | ‘ | ‘
o 5. 10 15 0 900 1800 2700 3600 0 900 1800 2700 3600
Dimensionless time / - Time /s Time /s

Figure 7. The normalized transient responses recorded upon pulsing of a CsHs:Ar = 1:1 mixture
at 550°C over reduced (a) 1Co/S-1 and (d) 5Co/S-1. (b,e) CsHs and (c,f) Hz response recorded
at 550°C after pulsing (LmL) of an CsHs/Ar=1:19 mixture over reduced (b,c) 1Co/S-1 and (e,f)
5Co/S-. Before the CsHg pulses, the catalysts were exposed to a flow of Ho/Ar=1:4 (10 mL/min)
at 550°C for 30 min and then flushed with Ar for 20 min.

To confirm the formation of coke over reduced 1Co/S-1 during large CsHsg pulses at
ambient pressure, we used operando UV-Vis spectroscopy. The obtained UV-Vis spectra
expressed as the relative Kubelka-Munk function (F(Rel)) are shown in Figure 8a. F(Rel)
increases across the entire range of wavelengths, which is attributed to the presence of coke
deposits. The strongest changes occurred during the first two CzHg pulses and became less
pronounced as the number of CsHg pulses increased, due to the saturation of the sites

responsible for carbon deposition. To provide an additional experimental support for the
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presence of carbon-containing species, the spent 1Co/S-1 catalyst after 20 C3Hg pulses was

characterized by HRTEM. An amorphous carbon-layer on a metallic Co® particle was observed

(Figure S13).
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Figure 8. (a) Operando UV-Vis spectra of 1Co/S-1 during the C3Hs pulses (1mL pulse size) at
550°C using a feed with 5vol% CsHs in Ar. (b) Operando Raman spectra of 1Co/S-1 collected
during exposure to a feed with 40vol% C3zHs in N2 at 550°C.

The operando Raman spectra (Figure 8b) exhibits two weakly intense bands at 670 and
470 cm, which can be unambiguously assigned to Co304*. In addition, a relatively strong
band at approximately 380 cm™ is observed, which is likely derived from the silicalite-1
support’. The CosOs Raman peaks disappeared after the catalysts were exposed to a
40vol%CsHs/N2 mixture at 550°C suggesting the reduction of this metal oxide. After 45 min
on propane stream, the Raman spectrum of 1Co/S-1 was characterized by the appearance of

weak G and D bands at around 1595 and 1319 cm! representative for the carbon species?®.

In summary, the lattice oxygen of oxidized CoOx can oxidize propane not only to propene
but also to carbon oxides. The larger the CoOx species, the more important the latter reaction.
Due to the limited amount of lattice oxygen species, these oxidation reactions proceed during a

few first seconds on propane stream under PDH conditions and, thus, cannot be responsible the
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formation of propene in the PDH reaction. The propane-mediated reduction of CoOx results in
the formation of Cao® species, which are, however, highly active for the conversion of propane
to carbon-deposits, methane, and hydrogen but not to propene. To favor the latter reaction,
small Co® species must be decorated by a carbon-containing layer, which simply covers the
sites for the deep dehydrogenation and cracking reactions and/or changes the electronic state of

Co species requiring for the efficient dehydrogenation of propane to propene.

3.6 Industrial relevance and comparison with state-of-the-art catalysts

The developed xCo/S-1 catalysts and a commercial analogue of K-CrOx/Al>O3 were
tested under industrially relevant conditions in parallel to ensure their direct comparison. They
showed both higher propane conversion and propene selectivity (Figure 9a). In addition, xCo/S-
1 catalysts also deactivated slower during 240 min on propane stream. The deactivation rate
constant of K-CrO,/Al,O3 was determined to be 0.21 h™X. The corresponding values of the
xCo/S-1 are lower and decrease with decreasing Co loading, with the lowest value of 0.05 ht

being determined for the 0.6Co/S-1 catalyst (Figure S14).
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Figure 9. (a) Time-on-stream profiles of propane conversion and propene selectivity over tested
samples. (b) Space time yield of propene formation (STY(C3Hs)) determined over 1Co/S-1 and
previously reported Co-based catalysts (Table S4) versus X(CsHsg)exp/X(C3sHsg)eq. Reaction
conditions: T=550°C, catalyst amount=100mg, WHSV(C3Hs)=4.7 h'}, C3Hs:N2=2:3.
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We also benchmarked the most active 1Co/S-1 catalyst against Co-based catalysts reported
in previous studies in terms of space-time-yield of propene formation (STY(CsHe)). To ensure
an unbiased comparison of the catalysts tested under different reaction conditions, we plotted
the STY(CzHs) values versus the ratio of experimentally measured propane conversion to the
corresponding equilibrium conversion (X(CsHs)exp/X(C3Hs)eq). In general, the closer this ratio
is to 1, the lower the STY(CsHe) values will be obtained due to integral reactor operation and
approaching to the equilibrium. Thus, industrially relevant catalysts should show high
productivity at X(CzHg)exp/X(C3Hs)eq Values as close to 1 as possible. The initial STY(CzHs)
value of the 1Co/S-1 catalyst of 0.97 kg-kgear*-h™ was achieved at 52 % equilibrium propane
conversion at 550°C (Figure 9b). Only two previously reported Co-containing catalysts showed
comparable or slightly higher performance at 550°C, while other catalysts showed lower

activity despite having been tested at higher temperatures.
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Figure 10. Propane conversion and propene selectivity over 1Co/S-1 in 10 PDH/ regeneration
cycles. Reaction conditions: T=550°C, catalyst amount=100mg, WHSV(CsHs)=4.7 h7,
CsHs:N>=2:3. Each cycle consisted of a PDH stage lasted for 120 min and a regeneration stage
lasted for 30 min.

Finally, the practical relevance of the 1Co/S-1 catalyst was demonstrated in a series of 10
dehydrogenation/regeneration cycles under industrially relevant conditions (Figure 10). The
reaction was performed at 550°C and lasted for 120 min using a feed with 40vol% CsHs.

26



Hereafter, the catalyst was simply treated in air at the same temperature for 30 min. In all
dehydrogenation cycles, although the conversion gradually decreased due to coke formation the
initial conversion (about 23%) and propene selectivity (about 95%) values could be fully
recovered after the oxidative catalyst treatment. The high productivity and durability of the
catalysts developed in the present study further underline the potential of Co-based catalysts for

PDH.

4 Conclusions

In this work, we have elucidated mechanistic aspects of the reaction-induced restructuring
of CoOx species supported on S-1 and its consequences for catalyst activity and, in particular,
product selectivity in the PDH reaction. We have combined in situ XPS, in situ UV-Vis and in
situ Raman spectroscopy studies with continuous flow and pulse PDH tests. It is highly
important to perform kinetic and characterization analysis at times ranging from milliseconds
to minutes to derive insights into the kind of the active sites responsible for the formation of
propene and side products. Based on the results obtained, we defined three stages in the course

of the PDH reaction.

i Regardless of the size (1.6 - 4 nm) of CoOx species containing Co?* and Co**, the PDH
reaction starts with the oxidation of propane to propene and carbon oxides, with the
selectivity to the latter increasing with the size. Because of these reactions, Co?* and Co**

are reduced by to metallic Co°.

ii. Freshly formed CoP species decompose propane to surface carbon-containing species and
hydrogen as well as convert this alkane to C:-C hydrocarbons without the formation of
propene. The sites responsible for these reactions are covered by carbon deposits resulting

in hindering the undesired propane conversion.
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iii.  Co°species decorated by carbon deposits are required for the efficient dehydrogenation
of propane to propene. The strength of the positive effect of such decoration increases

with a decrease in the size of Co? species.

The obtained knowledge provides the basis for the rational development of efficient Co-

containing catalysts by varying size and redox properties of supported CoOx Species.
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In order to efficiently dehydrogenate propane to propene over CoOy/Silicalite-1, supported
CoOx species no larger than 2 nm should be reduced in situ to metallic Co® and then become
decorated with carbon deposits.
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