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ABSTRACT: Non-oxidative dehydrogenation of propane (PDH)
is a well-established large-scale route for on-purpose propene pro-
duction. Cobalt-based catalysts have attracted increasing attention
due to their attractive performance as environmentally friendly
and cost-efficient alternatives to commercially used catalysts con-
taining chromium or platinum. However, their further development
to reach an industrially attractive level is hindered by insufficient
knowledge of the structure-activity-selectivity relationships for tai-
lored catalyst design and preparation. In this work, magnesium
(Mg) is introduced as a promoter to regulate the local structure
of CoOx species on the surface of silicalite-1. Owing to the formation of Co−O−Mg bond(s) in the presence of the promoter, the
formed CoOx species become isolated, less reducible, and less acidic. These changes are key to catalyst activity and propene selectivity.
The promoter effectively decreases the amount of strong acidic sites, thereby facilitating propene desorption and accordingly suppress-
ing undesired cracking and deep dehydrogenation reactions involving adsorbed propene. The optimized catalyst outperforms an ana-
logue of commercial K-CrOx/Al2O3 and demonstrates durability in a series of five PDH/regeneration cycles under industrially
relevant conditions. The space-time yield of propene formation reached 1.2 kgC3H6·kgcat

−1
·h−1 at 550 °C and 68% of the equilibrium

propane conversion, being higher in comparison to that of most previously reported cobalt-based catalysts under comparable condi-
tions. In view of this result, the structural and mechanistic knowledge obtained on the promoter effect can be used to prepare highly
efficient PDH catalysts with supported metal-oxide species, including those beyond CoOx.
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■ INTRODUCTION

Propene is one of the most important building blocks in the
chemical industry, which can be converted into polypropylene,
acrylic acid, acetone, and other industrially important prod-
ucts.1–3 Nowadays, petroleum-based processes, such as fluid cat-
alytic cracking and steam cracking, provide a major part of
propene.1 However, due to the low selectivity to propene in
these processes and the limited oil reserves, the traditional pro-
pene production can no longer meet the global demand.4,5 To
bridge the gap between the demand and the supply of propene,
alternative technologies such as non-oxidative propane dehy-
drogenation (PDH),6–11 methanol-to-olefins (MTO),12,13 have
been developed. The former approach has become increasingly
attractive due to the exploitation of shale gas, which makes the
feedstock (propane) cheaper and plentiful.1 However, the
major PDH technologies like Oleflex and Catofin using Pt-
and Cr-based catalysts suffer from the high cost of Pt and the
toxicity of Cr (VI) compounds, respectively.1,14,15 These draw-
backs have driven the development of low-cost and eco-friendly
catalysts with high activity, propene selectivity, durability and
on-stream stability.

Co-based catalysts have been considered as one of the most
promising alternatives.16–21 Highly dispersed Co2+ species on
the surface of supports, including Al2O3,

22,23 SiO2,
24 ZrO2,

8

and zeolite20,25 are widely recognized to be responsible for the
efficient dehydrogenation of propane. For example, Li et al.
reported that highly dispersed metallic Co particles on the sur-
face of silicalite-1 (S-1) achieved a space-time-yield of propene
formation (STY(C3H6)) of 1.5 kgC3H6·kgcat

−1
·h−1 with a pro-

pene selectivity of 95%.26 However, this catalyst failed to restore
its initial activity after regeneration in air at 550 °C. This group
later demonstrated that catalysts with isolated Co2+Ox sup-
ported on the surface of ZrO2 are durable at 550 °C but have
a lower STY(C3H6) of 0.71 kgC3H6·kgcat

−1
·h−1 and a lower
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propene selectivity of 81%.8 Wang et al. also constructed iso-
lated Co2+Ox supported on the SiO2 nanomeshes using the
self-assembled SiO2@polymer composites. The best-
performing catalyst showed STY(C3H6) of 0.72
kgC3H6·kgcat

−1
·h−1 and propene selectivity of 95% at 550 °C.27

No information about catalyst durability was provided.
A common strategy to improve the efficiency of metal/metal-

oxide supported catalysts is their modification with other metal/
metal-oxide promoters.14,28–32 Magnesium (Mg), an inexpen-
sive and naturally abundant metal, was applied for this pur-
pose.33–36 For instance, the dispersion of VOx species on the
surface of Al2O3 could be increased by modifying the catalysts
with magnesium, which was valuable for hindering coke forma-
tion.36 Chu et al. also found that the use of Mg-doped SBA-15
support for Pt and SnOx species is advantageous to increase
their dispersion and to facilitate the transfer of coke species
from the active sites to the support.4 Liu et al. synthesized
Co/MgS-1 catalysts via ion exchange for CO2-assisted PDH,
using MgS-1 support prepared through one-pot acid hydroly-
sis.37 Ultrasmall (CoO)x clusters were anchored to the ion
exchange sites of skeletal Mg2+, forming an Mg−(O−Co)x
structure active in this reaction. Our group also constructed
MgO-modified ZnOx/S-1 catalysts using a one-pot hydrother-
mal method, where a strong interaction between Mg2+ and
ZnOx stabilizes Zn2+ active sites, preventing their reduction
to metallic Zn0.38

Driven by the developments and challenges discussed above,
Mg was selected as a promoter to regulate the redox, acidic, and
structural properties of isolated CoOx species in S-1, with the
aim of elucidating their effects on PDH performance. The pre-
pared catalysts were characterized using a range of complemen-
tary techniques including X-ray absorption, X-ray
photoelectron, and ultraviolet-visible spectroscopy as well as
temperature-programmed reduction with hydrogen,
temperature-programmed desorption of ammonia or propene
and X-ray diffraction. Pulse experiments involving C3H8 and
C3H6, followed by pulsing O2, were instrumental in analyzing
the initial stages of cracking and coke formation reactions.
The results obtained revealed that the Mg promoter favors
the isolation of CoOx by forming Co−O−Mg structures, which
are characterized by lower reducibility and acidity strength than
Co−O−Co or Co−O−Si structures. These changes are highly
substantial, as they enhance the intrinsic PDH activity of the
active Co-containing sites while suppressing the cracking and
deep dehydrogenation reactions of propane and propene.
Thus, we identified the fundamental reasons for controlling
product selectivity in the PDH reaction. This information can
be used to design efficient PDH catalysts that are not solely
cobalt-based.

■ EXPERIMENTAL METHODS

Catalyst Synthesis

Silicalite-1 (S-1) was synthesized according to our previous work but
with some modifications.39 Firstly, TEOS (Sigma-Aldrich), TPAOH
(1 M in water, Thermo Scientific) and deionized water were mixed with
a molar ratio of TEOS:TPAOH:H2O = 1:0.2:15 and stirred at room
temperature for 6 h. The resulting clear solution was then transferred
into a stainless-steel autoclave and subjected to hydrothermal treatment
at 100 °C for 48 h. After cooling to room temperature, the solid material
was collected by centrifugation, washed with deionized water five times,
and finally calcined in air at 550 °C for 6 h to obtain the S-1 support.

A series of Co-containing catalysts with 2 wt% cobalt and different
Mg amounts (0 to 4 wt%) were prepared by incipient wetness impreg-
nation. First, a certain amount of S-1 was impregnated with an aqueous
solution of Co(NO3)2·6H2O (99%, Sigma-Aldrich) and
Mg(NO3)2·6H2O (99%, Fluka), and the resulting mixture was subse-
quently allowed to stand overnight. After that, the solids were dried
at 100 °C for 12 h and then calcined in air at 550 °C for 2 h. The
obtained samples were named as 2CoxMg/S-1, where “x” stands for
the weight percentage magnesium loading. The corresponding Co-
free xMg/S-1 samples were synthesized via the same procedure as that
of 2CoxMg/S-1 without adding Co(NO3)2·6H2O.

Catalyst Characterization

X-ray diffraction (XRD) patterns of the as-prepared samples were
recorded on a Panalytical X’Pert θ/2θ-diffractometer equipped with
Xcelerator detector using automatic divergence slits and Cu kα1/α2
radiation (40 kV, 40 mA, λ = 0.15406 nm, 0.15444 nm). Cu beta-
radiation was excluded using a nickel filter.

UV-vis spectroscopic measurements of all samples were carried out
using an Avantes spectrometer (AvaSpec-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. BaSO4
(99.998%, Aldrich) was used as a white standard. The spectra were
recorded at room temperature in the range of 200−1100 nm.

High angle angular dark-field scanning transmission electron
microscopy (HAADF-STEM) tests were conducted on FEI Talos
200X with a working voltage of 200 kV. The aberration-corrected scan-
ning transmission electron microscopy (AC-STEM) tests were carried
out using FEI Titan Cubed Themis G2 300 operated at 300 kV to
identify the microstructure and element distribution of the prepared
catalysts.

Temperature-programmed reduction with hydrogen (H2-TPR),
temperature-programmed desorption of ammonia (NH3-TPD), and
temperature-programmed desorption of propene followed by oxygen
temperature-programmed oxidation (C3H6-TPD/O2-TPO) tests were
carried out using an in-house developed setup containing eight individ-
ually heated continuous-flow fixed-bed quartz reactors. 50 mg (for H2-TPR
and C3H6-TPD/O2-TPO) or 100 mg (for NH3-TPD) of each catalyst was
initially pretreated in a flow (10 mL·min−1) of air (for H2-TPR) or argon
(for C3H6-TPD/O2-TPO and NH3-TPD) at 500 °C for 30 or 60 min.
Hereafter, the treated catalysts were cooled to 100 °C (for H2-TPR) or
50 °C (for C3H6-TPD/O2-TPO and NH3-TPD) in Ar. Hereafter, the tem-
perature was ramped from 100 to 900 °C in a flow (10 mL·min−1) of 5
vol% H2 in Ar in H2-TPR tests. For NH3-TPD or C3H6-TPD/O2-TPO
tests, the treated catalysts were exposed to a flow of 1 vol% NH3 in Ar
(10 mL·min−1) for 120 min and then purged with Ar for 6 h to remove
physically adsorbed NH3 or to a flow of 10 vol% C3H6 in Ar
(6.25 mL·min−1) for 120 min and then purged with Ar for 12 h to remove
physically adsorbed C3H6molecules. Finally, the reactors were heated from
50 to 600 °C in a flow of Ar with a heating rate of 10 °C·min−1. After the
C3H6 desorption experiments, the catalyst was again cooled to room tem-
perature in Ar (10 mL·min−1) followed by feeding 5 vol% O2/Ar
(10 mL·min−1), and heating to 800 °C with a heating rate of 10 °

C·min−1. The signals at m/z of 2 (H2), 16 (NH2), 15 (NH), 18 (H2O),
40 (Ar), 41 (C3H6), and 44 (CO2) were recorded by an on-line mass spec-
trometer (Pfeiffer Vacuum OmniStar GSD 320).

X-ray photoelectron spectroscopy (XPS) analysis was performed on
ESCALAB 220iXL (Thermo Fisher Scientific) equipped with mono-
chromatic Al Kα radiation (E = 1486.6 eV). The electron binding
energies were calibrated by charge compensation using a flood electron
source and were referenced to the C 1s core level of adventitious car-
bon at 284.8 eV.

X-ray absorption spectroscopy (XAS) tests at the Co K-edge were
carried out at the P65 beamline of PETRA III 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
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by a Si(111) double-crystal monochromator and the beam size was set
by means of slits to 0.4 (vertical) × 2.0 (horizontal) mm2. The spectra
were recorded in continuous mode while scanning incident energy
from −150 to +800 eV relative to the respective absorption edge with
a total time of 300 s and an integration time of 0.1 s. They were nor-
malized, and the extended X-ray absorption fine structure spectra
(EXAFS) background were subtracted using the ATHENA program
from the IFEFIT software package.40 The k2-weighted EXAFS func-
tions were Fourier transformed (FT) over the k range of 3.0−10.0
Å−1 and multiplied by a Hanning window with a sill width of 1 Å-1.
The FT EXAFS spectra were not corrected for the phase shift. The fit-
ting was performed in the r-space on k1, k2-weighted data in the r-range
of 1.0−3.5 Å. Co foil as a reference compound was used to establish
the value of the reduction factor S0.

2 For this purpose, the correlation
between S0

2 and the σ2 was determined under different k-weightings
(knχ(k), n = 0, 1, 2), which were obtained from modeling the first
coordination sphere of Co foil. The crossing region of these curves
was centered to obtain the value. This S0

2
= 0.78 was fixed in the fol-

lowing refinement of the 2CoxMg/S-1 atomic structure.
Diffuse reflectance infrared Fourier-transform spectroscopy

(DRIFTS) measurements were carried out on the Bruker VERTEX
70 equipped with a ZnSe window. Typically, the catalysts were heated
from room temperature to 500 °C in N2 (10 mL·min−1) and held for
30 min. The spectra were recorded with a resolution of 4 cm−1 from
600 to 4000 cm−1.

N2 adsorption-desorption isotherms were collected using a Belsorp-
max II setup (Microtrac-BEL) at −196 °C. Prior to measurement, the
catalysts were degassed under vacuum at 250 °C for 2 h. The specific
surface area was calculated using the Brunauer−Emmett−Teller
(BET) method, and the total pore volume was determined at a relative
pressure (P/P0) of 0.95.

The elemental composition (Co and Mg) of the as-prepared cata-
lysts was determined by means of inductively coupled plasma optical
emission spectrometry (ICP-OES) (Varian 715-ES).

C3H8- or C3H6-pulse experiments were performed at ambient pres-
sure using 2Co/S-1 and 2Co1.6Mg/S-1 catalysts. Firstly, a 25 mg of
sample was heated to 550 °C in a flow of He (20 mL·min-1), and main-
tained at this temperature for 20 min. Subsequently, a C3H8/Ar = 1:19
mixture or a C3H6/Ar (1:19) mixture was pulsed 15 times with a pulse
size of 1 mL to monitor the conversion of C3H8 or C3H6 and the for-
mation of gaseous products. Thereafter, a 10 vol% O2/Ar mixture was
pulsed 10 times to oxidize the carbon deposits that had formed in the
preceding C3H8 or C3H6 pulses. The signals at m/z of 44 (CO2),
41 (C3H6), 40 (Ar), 32(O2), 29 (C3H8), 28 (C2Hx/CO, CO2),
16 (CH4), and 2 (H2) were recorded by an on-line mass spectrometer
(Pfeiffer Vacuum OmniStar GSD 350).

Catalytic Tests

Catalytic tests were performed using an in-house developed setup con-
sisting of 15 continuous-flow fixed-bed quartz reactors. Typically, the cat-
alyst (315−710 μm) was loaded in the middle of the reactor and then
preheated to 550 °C in a N2 flow with a heating rate of 10 °C·min−1.
Hereafter, a flow of 40 vol% C3H8/N2 (10 mL·min−1) was introduced.

To determine the apparent activation energy (Ea) of propene for-
mation in the PDH reaction, catalytic tests were performed in the tem-
perature range of 485−560 °C. The catalyst amount (10−30 mg) and
the total flow rate (20−30 mL·min−1) were varied to maintain propane
conversion below 10%, ensuring differential reactor operation.

The durability of 2Co1.6Mg/S-1 was investigated in a series of five
PDH/regeneration cycles at 550 °C, with a feed of 40 vol% C3H8 in N2
at a total flow rate of 10 mL·min−1. The catalyst amount was set to
100 mg. Each cycle consisted of: (i) propane dehydrogenation
60 min; (ii) purging with N2 for 10 min; (iii) coke removal by calcina-
tion in air for 15 min at the same temperature; and (iv) flushing with
N2 (10 mL·min−1) for 15 min.

An on-line gas chromatograph (Agilent 6890) equipped with
PLOT/Q (for CO2), AL/S (for hydrocarbons), and Molsieve

5 (for H2, O2, N2 and CO) columns as well as flame ionization
(FID) and thermal conductivity detectors (TCD) was used for quanti-
fying the concentration of the feed components and reaction products.

The initial formation rate of propene (r(C3H6)), propane conver-
sion (X(C3H8)), selectivity of gas-phase products (Si) as well as the
space time yield of propene formation (STY(C3H6)) were calculated
using eqs 1−4, respectively.

rðC3H6Þ=
ṅoutC3H6

mcat
(1)

XðC3H8Þ=
ṅinC3H8

− ṅoutC3H8

n˙inC3H8

(2)

Si =
vC3H8

vi
×

ṅouti

n˙inC3H8
− ṅoutC3H8

(3)

STYðC3H6Þ =
Ffeed × χðC3H6Þ ×MðC3H6Þ

1000×Vm ×mcat
(4)

ṅi with superscripts in or out stands for the molar flows of gas-
phase components at the reactor inlet or outlet. νi is the stoi-
chiometric coefficient for product i. Ffeed is the total feed flow.
χ(C3H6) stands for the mole faction of propene at the reactor
outlet, while mcat is the mass of catalyst. N2 was used as internal
standard to consider reaction-induced changes in the number of
moles.

■ RESULTS AND DISCUSSION

Platform of Catalysts and Their Physicochemical
Characteristics

To understand the effect of the Mg promoter on the speciation
and local coordination of CoOx as well as its acidic and redox
properties, in view of their relevance to the efficiency of pro-
pene formation in the PDH reaction, we prepared a series of
2CoxMg/S-1 catalysts with x being 0, 0.2, 0.4, 1.6, 2.4, and 4
wt%. XRD analysis confirmed the structure of MFI zeolite in
all samples (Figure 1a).37,38 Based on the reflections in the
2θ range of 23°−25° (PDF#01-070-4743), only the orthorhom-
bic MFI modification is present in all prepared samples
(Figure S1a).41 Any crystalline bulk Co- and/or
Mg-containing phases were not identified in the obtained dif-
fraction data (Figure 1a). It is worth noting that the reflections
in the range of 7°−10° shifted to higher angles when the Mg
content reached 4 wt% (Figure S1b). This suggests that a high
Mg content may disrupt part of the MFI structure, leading to
lattice contraction. Following the loading of Co and Mg, the
specific surface area of the catalysts decreased but remained
within the 400−500 m2

·g−1 range, suggesting that high metal
loading leads to a partial blockage of the pore in the zeolite
framework (Figure S2 and Table S1).
Compared to the DRIFTS spectrum of bare S-1, the intensity

of the band at 3550 cm−1, associated with internal silanol nests,
in the DRIFTS spectrum of 2Co/S-1 strongly decreased, while
the band at 3740 cm−1, corresponding to surface hydroxyl
groups, decreased slightly (Figure S3).42–44 This suggests that
the silanol nests anchored CoOx. The addition of the Mg pro-
moter reduces the concentration of these defects further by
consuming them for binding this promoter.
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Only one H2 consumption peak with the maximum at about
850 °C was identified in the H2-TPR profile of 2Co/S-1
(Figure 1b), which is attributed to the reduction of CoOx spe-
cies that strongly interact with the S-1 support and should be
highly dispersed.20,45,46 Noticeably, the position of the maxi-
mum shifts to higher temperatures gradually as the Mg content
increases from 0 to 1.6 wt%. The 2Co4Mg/S-1 and Co-free cat-
alysts did not consume H2 below 900 °C, the maximal temper-
ature in our tests. Thus, the Mg promoter hinders the
reducibility of the supported CoOx species.

Two main XP signals at the binding energies (BEs) of
approximately 782 and 798 eV are observed in the Co 2p
region, see Figure 1c, which can be assigned to Co 2p3/2 and
Co 2p1/2, respectively.

47,48 Furthermore, the presence of char-
acteristic satellite peaks around 786.6 eV and 803.6 eV indicates
that cobalt exists predominantly in the Co2+ state. Compared to
the 2Co/S-1 sample, the Co 2p3/2 and Co 2p1/2 BEs of

2Co1.6Mg/S-1 and 2Co4Mg/S-1 are shifted to slightly lower
values. This shift suggests an electronic interaction between
Co2+ and Mg2+ species.
The presence of Co2+ species in all catalysts was further sup-

ported by UV-vis spectroscopy analysis (Figure 1d). The UV-
vis spectra are characterized by bands at about 520, 590, and
645 nm, which can be attributed to the 4T1g →

4T1g(P) and
4A2 →

4T1(P) transitions of tetrahedral Co
2+ species.25,43,45,47

Although the above results enabled us to conclude that Mg
and Co are in close proximity to each other and interact
strongly, we conducted an X-ray absorption analysis to gain a
deeper understanding of the local structure of the CoOx species.
The XANES spectra of the 2Co/S-1, 2Co1.6Mg/S-1, and
2Co4Mg/S-1 catalysts are different from the reference spectra
of Co foil, CoO and Co3O4 and characterized by the pre-edge
peak at 7709.4 eV and the white line at 7725 eV (Figure 2a).
The pre-edge feature at 7709−7710 eV is characteristic of

Figure 1. (a) XRD patterns, (b) H2-TPR profiles, (c) XP, and (d) UV-vis spectra in the form of the Kubelka-Munk (K-M) function of as-prepared
2CoxMg/S-1 catalysts (x = 0, 0.2, 1.6, and 4).
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Co2+ and associated with the 1s→ 3d excitation of low-spin Co
species.25,43,48 Thus, the oxidation state of Co in all catalysts
should be +2, which is consistent with the XPS results.
Moreover, the different white-line intensities at 7725 eV in
the spectra of 2Co/S-1, 2Co1.6Mg/S-1 and 2Co4Mg/S-1 com-
pared with the CoO and Co3O4 references indicate distinct
local coordination environments, similar to those observed in
Co-based catalysts with isolated Co2+ species.24,25 However,
introducing Mg into the catalyst (2Co1.6Mg/S-1 and
2Co4Mg/S-1) resulted in a decrease in the white line intensity
compared to 2Co/S-1 suggesting that the electronic structure of
CoOx species is regulated by the promoter located in proximity
in agreement with XPS data in Figure 1c.

Fourier-transform (FT) k2-weighted extended X-ray absorp-
tion fine structure (EXAFS) analysis provided further insight
into the differences in the local structure of the CoOx species
(Figure 2b). Regardless of the presence of Mg, a noticeable sig-
nal is present at about 1.5 Å, typical for the first shell Co−O
scattering, while additional signals possibly originate from the
second shell scattering paths.24,47 The detailed EXAFS fitting
parameters are listed in Table S2, and the corresponding fits
are shown in Figure S4. Based on the average coordination
numbers (CNs) for the Co−O and Co−(O)−Co paths of
5.1 and 0.7, respectively, the 2Co/S-1 sample contains highly
dispersed CoOx species, most of which are isolated. In addition,
the presence of Co−O−Si bonds evidences a strong interaction
between the CoOx species and the S-1 support. For the
2Co1.6Mg/S-1 and 2Co4Mg/S-1 catalysts, the Co−O CNs of
5.3/5.2 and the absence of a Co−O−Co bond indicate that
Co2+ is atomically dispersed. Based on high angle angular
dark-field scanning transmission electron microscopy
(AC-HAADF-STEM) analysis, cobalt on the surface of
2Co1.6Mg/S-1 should be atomically dispersed (Figure S5). In
addition, long-range scattering associated with Co−O−Si or
Co−O−Mg bonds was detected. The CNs of these higher-
shell contributions increased from 1.0 to 1.8 as the Mg content
increased from 1.6 to 4 wt%. However, these two scattering

paths cannot be distinguished by EXAFS (Table S2).
Combined with the XPS and TPR results, the data supports
the presence of a local interaction between the Co2+ center
and Mg2+ promoter.

Catalytic Performance

The initial (after 5 min on propane stream) rate of propene for-
mation determined at 550 °C over the 2CoxMg/S-1 catalysts
passes a maximum with increasing Mg loading reaching its high-
est value of 1.6 mmol·g−1·min−1 at 1.6 wt% Mg (Figure 3a).
This catalyst has lower apparent activation energy of propene
formation compared to 2Co/S-1, i.e., 75 kJ·mol−1 versus
96 kJ·mol−1 (Figure 3b), suggesting the positive Mg effect on
the intrinsic activity of highly dispersed CoOx. As the Co-free
1.6Mg/S-1 and 4Mg/S-1 catalysts are nearly inactive
(Figure S6), the negative effect of the promoter on the rate of
propene formation at Mg loadings above 1.6 wt% can be due
to the coverage of the active CoOx sites by the promoter in view
of the XPS data in Table S3. The effect of other alkali or alkaline
earth metal promoters (1.6 wt%) on the PDH activity of the
2Co/S-1s catalyst was also investigated. The former promoters
led to a decrease in the rate of propene formation (Figure S7a).
Alkaline earth metal promoters exhibited an enhancing effect,
with the most pronounced one being caused by Mg
(Figure S7b).
We also tested the 2CoxMg/S-1 catalysts under industrially

relevant degrees of propane conversion at a weight hourly space
velocity (WHSV) of 4.7 h−1 (Figure 3c,d). The 2Co/S-1 cata-
lyst showed an initial (after 5 min on stream) propane conver-
sion of 28.7%, which dropped to 20.9% after the next 5 min on
stream followed by a decrease to about 11.9% after 250 min on
stream. The selectivity to propene increased from 25.1 to
95.7%, respectively. Based on the low initial propene selectivity,
it can be concluded that the initial propane conversion is pri-
marily attributed to side reactions rather than to dehydrogena-
tion. The initial selectivity to propene increases with
increasing magnesium loading, without any obvious negative

Figure 2. (a) XANES and (b) EXAFS spectra of 2Co/S-1, 2Co1.6Mg/S-1, and 2Co4Mg/S-1 as well as the reference samples (Co foil, CoO, and
Co3O4) at the Co K-edge.
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effect on the initial propane conversion at Mg loadings below 4
wt%. This result suggests that the promoter hinders side reac-
tions in favor of propene formation (Figure 3d). The highest
initial propane conversion of 29.2% was obtained over
2Co1.6Mg/S-1, with a propene selectivity of 90.5%. Spent
2Co/S-1 and 2Co1.6Mg/S-1 catalysts after 250 min propane
stream were characterized by temperature-programmed oxida-
tion tests with O2 (Figure S8). A lower coke content was found
for the 2Co1.6Mg/S-1 catalyst although it showed higher pro-
pane conversion in the preceding PDH tests, suggesting its
lower ability to form coke deposits.

The most promising 2Co1.6Mg/S-1 catalyst was also tested
with an analogue of commercial K-CrOx/Al2O3 catalyst in par-
allel to directly compare their performance. Our catalyst outper-
formed the reference catalyst in terms of propane conversion
and space time yield of propene formation (STY (C3H6)) at
slightly lower initial propene selectivity throughout the entire
testing period (Figures 4a and S9). We also benchmarked the
2Co1.6Mg/S-1 catalyst against previously reported Co-based
catalysts regarding propene productivity. For a proper compar-
ison of the catalysts tested under different reaction conditions,
the STY (C3H6) values were plotted versus the ratio of the
experimentally measured propane conversion to the corre-
sponding equilibrium one (X(C3H8)exp/X(C3H8)eq). In gen-
eral, industrially relevant catalysts are expected to show high
productivity at X(C3H8)exp/X(C3H8)eq values approaching
unity. Our catalyst achieved the initial STY(C3H6) value of

1.2 kgC3H6·kgcat
−1
·h−1 at 550 °C and 68% equilibrium propane

conversion, outperforming most previously reported catalysts
even tested at higher temperatures (Figure 4b and Table S4).
Finally, the durability of the 2Co1.6Mg/S-1 catalyst was

demonstrated in a series of five dehydrogenation/regeneration
cycles (Figure 4c). The PDH (40 vol% C3H8 in N2) and regen-
eration (20 vol% O2 in N2) cycles lasted 60 min and 15 min,
respectively, at the same temperature (550 °C). In each PDH
cycle, the propane conversion gradually decreased due to the
accumulation of coke, while the selectivity to propene
increased. The initial conversion could be restored to a major
extent after removing coke by simple catalyst calcination in
air. The high productivity and durability of the 2Co1.6Mg/S-1
catalyst developed in the present work further emphasizes the
commercial application potential of Co-based catalysts for
PDH. The spent 2Co1.6Mg/S-1 catalyst after five PDH/regen-
eration cycles was characterized by HRTEM, XRD and UV-Vis
(Figures S10 and S11). The results obtained show that the cat-
alyst structure did not change proving its durability.

Origins of the Mg Enhancing Effect on the Performance of
Co/S-1 Catalysts in PDH

Based on our complementary characterization study (Figures 1,
2, S4, and Table S2), we are confident that the promoter Mg
helps to form isolated CoOx species by forming strong
Co−O−Mg bonds. Such species exhibit higher intrinsic activity
than CoOx bound to S-1 only via Co−O−Si bonds due to

Figure 3. (a) Initial propene formation rate over 2CoxMg/S-1 samples (x = 0, 0.2, 0.4, 1.6, 2.4, and 4). Reaction conditions: T = 550 °C, catalyst
amount = 25 mg, WHSV (C3H8) = 34.4 h−1, C3H8:N2 = 2:3. (b) Arrhenius plots of the propene formation rate over 2Co/S-1 and 2Co1.6Mg/S-1 as
well as the respective apparent activation energy (Ea). Time-on-stream profiles of (c) propane conversion and (d) propene selectivity over 2CoxMg/
S-1 catalysts (x = 0, 0.2, 1.6, and 4). Reaction conditions: T = 550 °C, C3H8:N2 = 2:3, WHSV(C3H8) = 4.7 h−1.
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lowering the activation energy for propene formation
(Figure 3b). A high Mg loading is disadvantageous because
there is a possibility that the active CoOx species will be covered
by excess promoter, resulting in a decrease in the overall catalyst
activity.

To understand the effect of the Mg promoter on product
selectivity, we performed a series of catalytic tests at different
WHSV to achieve various degrees of propane conversion for
analyzing how the selectivity to C3H6, cracking products

(CH4, and C2Hx) and coke changes (Figure 5). For the
2Co/S-1 catalyst, the selectivity to these products extrapolated
to zero propane conversion is about 91, 3, and 6%, respectively
(Figure S12). Thus, all these products can be formed directly
from propane but with different rates according to the following
order C3H6 >> cracking products > coke. In contrast, the
selectivity of the Mg-modified catalysts to propene extrapolated
to zero propane conversion is almost 100%. Thus, the promoter
inhibited the direct conversion of propane to cracking products

Figure 5. Selectivity-conversion relationships for (a) propene, (b) cracking products (C1−C2 hydrocarbons), and (c) coke formed over 2CoxMg/
S-1 samples (x = 0, 1.6, and 4).

Figure 4. (a) Time-on-stream profiles of propane conversion (X(C3H8)) and propene selectivity (S(C3H6)) obtained in PDH over 2Co1.6Mg/S-1
and K-CrOx/Al2O3. Reaction conditions: T = 550 °C, C3H8:N2 = 2:3, WHSV(C3H8) = 9.4 h−1. (b) STY(C3H6) determined over 2Co1.6Mg/S-1
and previously reported Co-based catalysts (Table S4) at different temperatures versus X(C3H8)exp/X(C3H8)eq. (c) X(C3H8) and S(C3H6) over
2Co1.6Mg/S-1 in five PDH/regeneration cycles. Reaction conditions: T = 550°C, C3H8:N2 = 2:3, WHSV(C3H8) = 4.7 h−1, catalyst amount =
100 mg. Each cycle consisted of a PDH stage lasted for 60 min and a regeneration stage lasted for 15 min.
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and coke while maintaining high activity in the formation of
propene, which is the only product formed directly from pro-
pane. In addition, the promoter reduced the rates of propene
conversion to coke and cracking products as reflected by the
slope of the selectivity-conversion relationships for these
products (Figure 5). The higher the slope, the higher the rates
are. In this regard, the catalysts can be ordered as follows:
2Co/S-1 >> 2Co1.6Mg/S-1 ≥ 2Co4Mg/S-1.

C3H8-pulse experiments were conducted to gain insight into
the reaction pathway at the initial reaction stage at low propane
concentration. Propane conversion over 2Co/S-1 passed a max-
imum with increasing number of propane pulses and was signif-
icantly higher compared to 2Co1.6Mg/S-1 (Figure S13). As the
former catalyst produced significant amounts of propene only
during the first 4 pulses, while C2-hydrocarbons and CH4 were
formed in all pulses, the latter two products must have been
formed from propane, but not from propene (Figure 6a). The
amount of CH4 additionally increased from pulse to pulse. In

contrast to 2Co/S-1, 2Co1.6Mg/S-1 selectively converted pro-
pane to propene in all pulses and produced low amounts of
C2-hydrocarbons and CH4, demonstrating the limited ability
of CoOx species interacting with Mg to crack propane
(Figure 6b). O2 pulse experiments performed after the
C3H8-pulse experiments revealed that the coke content deter-
mined in the latter tests on 2Co/S-1 was approximately 32 times
higher than that on 2Co1.6Mg/S-1 (Figures 6c and S14).
Further C3H6-pulse experiments confirmed the positive role

of Mg in hindering the conversion of this olefin to CH4 and
C2-hydrocarbons (Figure 6d,e). The coke content was also
quantified by O2 pulse experiments after 15 consecutive pro-
pene pulses. The result was approximately twice as high for
2Co/S-1 as for 2Co1.6Mg/S-1 (Figures 6f and S15), suggesting
that the promoter also inhibits the ability of CoOx species to
catalyze propene deep dehydrogenation.
Based on the above discussion, it can be concluded that the

promoter Mg inhibits the cracking of propane and propene as

Figure 6. Responses of the reaction products formed over (a, d) 2Co/S-1 and (b, e) 2Co1.6Mg/S-1 in (a, b) C3H8-pulse tests (C3H8:Ar = 1:19,
1mL pulse size) or (d, e) C3H6-pulse tests (C3H6:Ar = 1:19, 1mL pulse size) at 550 °C. The amount of coke formed in O2-pulse tests (O2:Ar =
1:9, 1mL pulse size) performed at 550 °C after the (c) C3H8- and (f) C3H6-pulse tests in (a, b) and (d, e), respectively. (g) Proposed reaction path-
ways of the formation of products in propane dehydrogenation.
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well as the deep dehydrogenation of propene. As a conse-
quence, propene selectivity improves. Accordingly, the role of
Mg in controlling product formation in the PDH reaction is
schematically proposed in Figure 6g.

Catalyst acidity is usually considered to be one of the key fac-
tors that regulate product selectivity, particularly with regard to
the formation of coke.49–51 To check if these considerations are
also applicable to the present materials with and without Mg,
we performed NH3-TPD tests (Figure 7a). Given that both
Mg2+ and Co2+ act as Lewis’s acid sites capable of interacting
with NH3, we subtracted the obtained NH3 profiles of the
xMg/S-1 materials from those of their counterparts containing
Co, i.e., 2CoxMg/S-1, to consider the influence of Mg on acidic
properties of CoOx in comparison with unpromoted 2Co/S-1.
Two regions of NH3 desorption were identified with the maxi-
mal rates below 200 °C and above 300 °C (Figure 7b). They
can be assigned to the presence of weak acidic and strong acidic
CoOx sites, respectively.52–55 Integrating the NH3 desorption
profiles using two Gaussian functions revealed that the concen-
tration of the strong acidic sites decreased significantly after
introducing Mg, while the concentration of the weak acidic sites
increased and reached its highest value for the 2Co1.6Mg/S-1
catalyst (Figure 7b and Table S5). The strong CoOx acidic sites
play an important for achieving high propene selectivity under
industrially relevant conditions; the lower their concentration,
the higher the selectivity (Figure 7c). Contrarily, weak acidic
CoOx sites appear to be efficient for propene productivity
(Figure 7d). Thus, introducing an appropriate amount of Mg
into the Co/S-1 catalyst modulates the acidity of the CoOx spe-
cies through direct Co−O−Mg interactions. This decreases the

concentration of CoOx-related strong acid sites associated with
side reactions (such as cracking and deep dehydrogenation),
while increasing the number of Co-related weak acid sites that
favor propene formation. This enhances both propene selectiv-
ity and productivity.
C3H6-TPD tests/O2-TPO tests provided further insights

into the role of Mg in enhancing propene selectivity. In these
tests, propene was initially adsorbed at 50 °C followed by a
temperature-programmed desorption step up to 600 °C, cool-
ing to room temperature in Ar followed by a TPO step up to
800 °C. Whereas propene desorbed from 2Co1.6Mg/S-1 and
2Co4Mg/S-1, no propene desorption was observed in the
C3H6-TPD tests with 2Co/S-1 and 2Co0.2Mg/S-1
(Figure 7e). However, CO2 was formed in the subsequent
TPO step (Figure 7f), indicating the presence of strongly
adsorbed propene species, which did not desorb in the preced-
ing C3H6-TPD step, but were oxidized. Based on these results
we suggest that the concentration of sites weakly adsorbing
C3H6 can be determined from the amount of propene desorbed
in the C3H6-TPD step, while the amount of CO2 formed in the
TPO step represents the concentration of sites strongly adsorb-
ing C3H6. The concentration of the former sites increases with
increasing Mg content reaching its maximum value at
2Co1.6Mg/S-1, before decreasing (Figure 7g). A similar
volcano-shaped trend was found for the initial propene forma-
tion rate, indicating the key role of weak propene adsorption
sites for the efficient propane dehydrogenation to the desired
product. In contrast, the space-time yield of coke formation
increases with the number of strong propene adsorption sites
(2Co4Mg/S-1 < 2Co1.6Mg/S-1 < 2Co0.2Mg/S-1 < 2Co/S-1)

Figure 7. (a) NH3-TPD profiles of 2CoxMg/S-1 (x = 0, 1.6, and 4) and Co-free xMg/S-1 samples. (b) Desorption profiles of NH3 related to CoOx

sites as calculated from the profiles in (a). (c) Initial S(C3H6) from Figure 3d versus the amount of strong acid sites calculated from the dark brown
area in (b). (d) STY(C3H6) versus the amount of weak acid sites from the light brown area in (b). (e) C3H6-TPD and (f) O2-TPO profiles of
2CoxMg/S-1. (g) Concentration of propene (C3H6) weak adsorption sites calculated from (e) and the initial r(C3H6) versus the Mg content of
in 2CoxMg/S-1. (h) Initial STY (coke) versus the amount of propene (C3H6) strong adsorption sites calculated from (f).
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(Figure 7h). This observation suggests that these sites play a
key role in coke formation in the PDH reaction and are conse-
quently responsible for propene loss as propane conversion
increases.

■ CONCLUSIONS

In this study, we performed a comprehensive kinetic and mate-
rial characterization analysis aimed at understanding how to
control catalyst activity and propene selectivity in the PDH
reaction, using the Co-Silicalite-1 system prepared by an indus-
trially relevant method as an example. This analysis revealed
that the introduction of Mg as a promoter into this system
enables the regulation of the local structure and dispersion of
CoOx species, with these characteristics influencing the acidic
and redox properties of the supported species. The promoter
decreases the strength of the Co-related acidic sites and hinders
the reductivity of CoOx species due to the formation of
Co−O−Mg structures. Such species perform superior to those
with Co−O−Co or Co−O−Si bonds in terms of PDH activity
and propene selectivity. As evidenced by pulse experiments
involving C3H8 and C3H6, followed by pulsing O2 and catalytic
tests in a broad range of propane conversion, the Mg promoter
suppresses both cracking and deep dehydrogenation reactions
of propane/propene, thereby enabling propene selectivity
above 90% at propane conversion of about 70% of the equilib-
rium conversion. The obtained results highlight the critical
importance of controlling the local structure of highly dispersed
CoOx for the rational design of high-performance Co-based cat-
alyst for PDH under industrial conditions.
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