The enhancing effect of Co?** on propane non-oxidative dehydrogenation
over supported Co/ZrQO, catalysts

Qiyang Zhang®', Yuming Li*"*, Tatiana Otroshchenko?, Vita A. Kondratenko?, Kai Wu?b,
Elizaveta A. Fedorova?, Dmitry E. Doronkin®, Stephan Bartling?, Henrik Lund?, Guiyuan
Jiang®™", Evgenii V. Kondratenko®"

aLeibniz-Institut fiir Katalyse e.V., Albert-Einstein-Str. 29a, D-18059 Rostock, Germany

bState Key Laboratory of Heavy Qil Processing, China University of Petroleum, Beijing,
102249

Institute for Chemical Technology and Polymer Chemistry, and Institute of Catalysis
Research and Technology, Karlsruhe Institute of Technology, Kaiserstr. 12, D-76131,
Karlsruhe, Germany

*To  whom  correspondence  should be  addressed. @ E-mail  addresses:
jianggy@cup.edu.cn (GJ), Evgenii.kondratenko@catalysis.de (EVK)

T These authors contributed equally


mailto:Evgenii.kondratenko@catalysis.de

Abstract

Due to the increased production of shale gas containing propane, the share of non-
oxidative propane dehydrogenation (PDH) in the large-scale production of propene is
expected to continue to grow. There are, however, some ecofriendly and cost shortcomings
associated with the currently applied Cr- or Pt-containing catalysts. Against this background,
we present here Co/ZrO, alternatives and reveal the fundamentals affecting their activity,
which can be used for purposeful catalyst design. Co?" species homogeneously distributed
within the lattice of ZrO, significantly increase the activity of coordinatively unsaturated Zr**
for the PDH reaction. The increase is caused by accelerating both the cleavage of CH bonds in
propane and the recombination of surface H species, with the latter reaction being the rate-
limiting step. The best-performing catalyst outperformed an analogue of commercial K-
CrO,/Al,0O5 in terms of the rate of propene formation and demonstrated durable performance
over a series of 10 PDH/regeneration cycles under industrially relevant conditions. It also
outperformed most previously developed Co-containing catalysts in terms of propene
productivity. The space-time yield of propeneformation achieved at 57% equilibrium propane
conversion at 550°C was 0.71 kg-h!-kg,".
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1 Introduction

Propene is one of the most important basic petrochemicals widely used for the
manufacture of polypropylene, solvents, acrylic acid, etc[1-4]. Current large-scale propene
production routes include steam or fluid catalytic cracking of various oil fractions[5],
metathesis of ethene with 2-butenes[6-10] and non-oxidative propane dehydrogenation
(PDH)[11]. The latter on-purpose approach has become more attractive due to the exploitation
of shale gas[12]. Catalysts with supported CrO4 or Pt species are used in large-scale PDH
processes[2, 4]. However, the high cost of Pt and the environmental impact of Cr(VI)
compounds have prompted both academia and industry to develop alternative PDH catalysts
free of such limitations.

Recently, Co-based catalysts with highly dispersed CoOy and/or metallic Co species
have attracted more attention due to the low cost of this metal and high efficiency for CH
bond activation in light alkanes[13-23]. Bulk ZrO,-based catalysts are also active and
selective for the PDH reaction[24, 25]. Coordinatively unsaturated Zr cations (Zr,) were
concluded to be involved in the cleavage of CH bonds in C;Hg. Their concentration depends
on the reducibility of ZrO,. This material property can be controlled through (i) promoting of
ZrO, with an oxide of a metal with oxidation state lower than 4+, (ii) the deposition of tiny
amounts of metallic Cu, Rh, or Ru species, and (iii) the kind of ZrO, phase and its crystallite
size. A synergistic effect between Zr,s and CrOy in bulk and supported CrZrO,-based
catalysts has been demonstrated in terms of their PDH activity[26, 27]. Although such
catalysts outperform an analogue of commercial K-CrO,/Al,O; in this respect, they are still
environmentally harmful.

Motivated by the outstanding PDH performance of ZrO,-based and Co-containing
catalysts, we decided to explore the potential of Co-promoted ZrO, materials. Our specific
objectives were (i) to elucidate the kind of catalytically active sites, and (ii) to identify the
rate-limiting step and the option(s) for accelerating this pathway. To be successful in this
regard, we applied complementary characterization techniques including XRD, TEM, H,-
TPR, UV-vis spectroscopy, XPS and X-ray absorption spectroscopy to characterize the phase
composition, redox properties of the prepared catalysts. Through temporal analysis of
products and temperature-programmed surface reaction, we revealed that H, formation
through recombination of two hydrogen atomic species is the rate-limiting step in the PDH
reaction. The rate of this step is affected by the presence of Co?* in the lattice of ZrO,. This
knowledge provides a basis for the rational design of ZrO,-based catalysts and can be
extended to other non-reducible metal oxides capable of releasing their lattice oxygen at high
temperatures. From an application viewpoint, the developed catalysts show comparable
activity with an analogue of a commercial K-CrO,/Al,O5 catalyst and are durable under
industrially relevant reaction conditions.

2 Experimental part
2.1 Catalyst Synthesis

To synthesize Co/ZrO, catalysts with different Co loadings, monoclinic ZrO, (99%,
Daiichi Kigenso Kagaku Kogyo Co) was impregnated (incipient wetness impregnation) with
an aqueous solution of Co(NOj3),-6H,0 followed by drying at 100°C for 12 h and calcination
in flowing air at 550°C for 6 h. The loading of cobalt in the catalysts was in the range between
0.1 and 3 wt%. The samples obtained have been designated as xCo/ZrO,, where "x" stands for
the percentage by weight of cobalt. Differently loaded Co/Si0, materials were prepared using
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SiO, (Davisil, grade 646, Sigma-Aldrich) as support according to the above-mentioned
procedure and named as xCo/Si0,.

An analogue of commercial K-CrO,/Al,0O5 catalyst was prepared according to the
protocol described in the literature[27]. Briefly, two aqueous solutions with the required
amounts of CrO; and KOH were separately prepared and then mixed. Hereafter, Al,O; (Saint-
Gobain NorPro) was impregnated with the resulting solution. The catalyst precursor was dried
at 120 °C over night and calcined at 760°C for 4 h. The nominal concentration of Cr,0O5 and
K50 in the resulting catalyst are 19.7 wt.% and 0.93 wt.% respectively.

2.2 Catalyst Characterization

UV-vis spectroscopic measurements of all catalysts 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 (200 mg) was positioned. The UV-vis spectra were recorded at room temperature in
the range from 200-1100 nm. Barium sulfate (99.998%, Aldrich) was used as a white
standard.

Temperature-programmed reduction tests with H, (H,-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 (NH;-TPD) and temperature-programmed surface reaction (C;Hs-TPSR)
measurements with C;Hg.

For H,-TPR tests, 100 mg of each sample were 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!. An on-line mass spectrometer (Pfeiffer Vacuum OmniStar GSD 320) was used to
record signals at m/z of 2 (H,) and 40 (Ar), with the latter signal being a reference standard.

Before NH;3-TPD tests, each sample (50 mg) was calcined in flowing air at 550°C for
1 h, flushed with Ar (10 mL-min") for 15min, reduced with 40vol%H,/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% NH; in Ar (10 mL-min") at 120°C for 1 h, flushed
with Ar for 5 h to remove weakly bound NHj3, and 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 registered 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 C3Hg-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 exposed to a flow of C3Hg/Ar=10/90 (10 mL-min'). The
temperature was initially kept at 300°C for 15 min to stabilize 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 (C;Hg), 42(C;Hg), 2 (Hy), and 40 (Ar) were collected. The contribution of propane
to propene signal was separately determined using a calibration mixture with 10vol% C;Hg in
Ar and subtracted from the overall signal at m/z of 42.



X-ray photoelectron (XP) spectroscopy was applied for catalyst surface
characterization using an ESCALAB 220iXL (Thermo Fisher Scientific) set-up 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 referenced to the C
Is core level of adventitious carbon at 284.8 eV (C—C and C—H bonds).

XRD powder patterns were recorded on a Panalytical X'Pert 6/20 diffractometer
equipped with Xcelerator detector using automatic divergence slits and Cu kal/a2 radiation
(40 kV, 40 mA; A= 0.15406 nm, 0.154443 nm). Cu beta-radiation was excluded using a nickel
filter foil. The measurements were performed with 0.021°s”!, respectively. Finely pestled
samples were mounted on silicon zero background holders. Reflection intensities obtained
after data collection were converted from automatic to fixed divergence slits (0.25°) for
further analysis. Reflection positions and profiles were fitted with Pseudo-Voigt function
using the HighScore Plus software package (Panalytical). Phase identification was done using
the PDF-2 database of the International Center of Diffraction Data (ICDD).

High-resolution electron transmission microscopy (HRTEM) was conducted on an FEI
Talos 200X with a working voltage of 200 kV to identify the microstructure and element
distribution of fresh catalysts.

X-ray absorption spectra at the Co K absorption edge were recorded 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 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?. The spectra were normalized and the extended X-ray absorption fine
structure spectra (EXAFS) background was subtracted using the ATHENA program from the
IFEFIT software package[28]. The k’-weighted EXAFS functions were Fourier transformed
(FT) in the & range of 3.0-10.75A~" and multiplied by a Hanning window with sill size of 1 A-
I. 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 1.0-3.3 A. Co foil as a reference
compound was used to establish the value of the reduction factor Sy2. For this purpose, the
correlation between Sy?> and the o® was determined under differently weighted functions
k(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. This Sy> = 0.78 was
fixed in the following refinement of the Co/ZrO, atomic structure.

Mechanistic and kinetic aspects of C;Hg dehydrogenation were studied in the temporal
analysis of products (TAP-2) reactor, a pulse technique with a sub-millisecond resolution[29-
31]. In these experiments, 1Co/ZrO; (72 mg), 1Co/Si0, (26 mg) or ZrO; (72 mg) of 315 - 710
um fraction was loaded in a quartz-tube reactor and fixed within its isothermal zone between
two layers of quartz particles of 250-355 um size. The catalysts were initially treated in a flow
containing 50% H, in N, with a total flow rate of 8 ml/min at 550 or 600°C to mimic the
catalyst state under reaction conditions. Then the reactor was evacuated to ca. 10 Pa and
single pulsing of C;Hg:Ar = 1:1 mixture was performed at the pretreatment temperature. The
total pulse size was 0.4-1.6-10'¢ molecules. The inlet feed and the effluent gases were
quantitatively analyzed by a quadrupole mass spectrometer (HAL RC 301 Hiden Analytical).
The following m/z values were used for mass-spectrometric identification of different
compounds: 44 (COz, C3Hg), 42 (C3Hg, C3H6), 41 (C3H8, C3H6), 30 (C2H6), 29 (C3H6, C2H6),
28 (C3H6, C2H6, C2H4, CO, COz), 26 (C3H6, C2H6, C2H4), 18(H20), 2 (Hz) and 40 (AI') Pulses
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were repeated 10 times for each m/z value and averaged to improve the signal-to-noise ratio.
The concentration of the feed and the outlet gases was calculated from the areas of signals
recorded at the respective m/z values using standard fragmentation patterns and sensitivity
factors determined in separate experiments.

The recorded responses were normalized for an easier comparison of the position of
the maximal concentration (t;.) of the feed components and the reaction products. The
experimental time was transformed into a dimensionless time using equation 1 as
recommended in Ref.[31] to consider the different diffusion velocities of C3;Hg, C3Hg and Ho.

Dimensionless time = “(D;’;Lw 1

Where t is the experimental time, Df}fnadsen (1) is the diffusion coefficient of C;Hg,
CsHg, H, or Ar and L is the diffusion length. The diffusion length for C;Hg corresponded to
the whole reactor length, while for the reaction products CsHg and H, it was equal to the
distance from the beginning of the catalyst layer to the reactor outlet. The diffusion
coefficients of C;Hg, CsHg and H, were calculated from that of Ar according to equation 2.
The diffusion coefficient of Ar was determined through fitting the experimental response of
this gas to the Knudsen diffusion model[32].

. M(A
D;;'leudsen(l) = Df(];fudsen(Ar) X I\/E(i;) 2

2.3 Catalytic 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. The rate of propene formation was
determined at a degree of propane conversion below 10% after the first 300 s on propane
stream. 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 N, for 15 min, reduced with 40vol%H,/Ar (10 mL-min'!) for 30min and exposed
to a flow (20 mL-min-!") of 40vol%C;Hg/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
30 mL-min’!, respectively.

The long-term stability of 1Co/ZrO, was investigated in a series of 10 PDH/regeneration
cycles performed at 550°C using a flow (10 mL-min!) of 40vol%C;Hg/N,. The catalyst
amount was set at 125 mg. Prior to the first PDH cycle, the catalyst was heated to 550°C in N,
flow and then calcined in air for 1h followed by feeding N, for 15 min to remove air.
Hereafter, the propane-containing reaction mixture was fed for 50 min. The reaction feed was
then replaced by a flow of N, for 15 min before feeding air for catalyst regeneration for 30
min. The regeneration and PDH cycles were separated by a purging step in N, flow for 15
min.

An on-line gas chromatograph (Agilent 6890) equipped with PLOT/Q (for CO,), AL/S
(for hydrocarbons), and Molsieve 5 (for H;, O,, 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. The feed components and reaction products
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were analyzed every 5 min.

Equations 3-5 were used for calculating the initial rate of propene formation (r(CsHg)),
propane conversion (X(C;Hg)) and selectivity to gas-phase products (S;), respectively. The
turnover frequency (TOF) of propene formation with respect to Co was calculated according
to equation 6.

- out

r(C;Hg) = — 3

Meat

- in - out
NC3Hg NC3Hg

X(CHg) =— o 4
( 3 8) ISR
VesHg Py 5
17y ﬁl(?:;HS'ﬁ%l;tHg
r(C3He)
TOFCO(C3H6) = Neo % 60 6

n (1 or nc,py,) 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. N, was
used as internal standard to consider reaction-induced changes in the number of moles. N¢,
stands for the number of cobalt moles per gram of catalyst.

3 Results and discussion
3.1 Catalysts and their characterization

XRD patterns of bare ZrO, and Co-containing samples are presented in Figure 1(a).
The tetragonal ZrO, phase was identified after the introduction of cobalt into the monoclinic
ZrO, phase, suggesting that the incorporation of cobalt into the ZrO, lattice leads to such a
phase transformation (Figure S1(a))[24]. No obvious diffraction peaks related to a CoO,-
containing phase were observed in the XRD patterns of Co/ZrO, samples with Co loading
below 1 wt%. However, when the Co content was 3wt%, a diffraction peak appeared at 26 of
36.87°, which is attributed to the Co304 phase (Figure S1(b))[33].

The UV-vis spectra of all samples are characterized by two absorption bands at 227
and 263 nm (Figure 1(b)), which can be attributed to the monoclinic ZrO, phase[34]. The
bands at approximately 509 and 620 nm are present in the spectrum of 1Co/ZrO, and have
been assigned to the v; (4A, —*T;(P)) transition, which is characteristic of pseudo-tetrahedral
Co?" species[16]. Obvious broad absorption bands at 450 and 753 nm were identified in the
spectrum of 3Co/ZrO,. They are attributed to the ligand-to-metal charge transfer of O>—Co?*
and O>—Co’" in the spinel Co;0,[16, 19]. The UV-vis results are consistent with the XRD
data. Thus, the structure of CoO, evolves from highly dispersed to agglomerated
CoOy/crystalline Co;04 with increasing metal loading.
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Figure 1. (a) XRD patterns, (b) UV-vis spectra, (c) H,-TPR profiles and (d) XP spectra of Zr 3d of
bare ZrO, and differently loaded xCo/ZrO, samples.

The acidic properties of the catalysts were characterized by NH;-TPD tests (Figure
S2). The number of acidic sites per gram of catalyst (N (a.s.)) was calculated by integrating
the NH; profiles over the whole temperature range. It decreases with an increase in Co
content (Table S1). The decrease can be explained by the participation of acidic zirconia sites
in the anchoring of CoOy species.

The cobalt promoter and its content are important for the redox properties of the
catalysts as determined by H,-TPR tests (Figure 1(c)). Only one H, consumption peak at
around 609°C was identified in the H,-TPR profile of bare ZrO,. It can be assigned to the
reaction of hydrogen with lattice oxygen of zirconia[24, 26, 27]. The profiles of 0.3Co/ZrO,
and 1Co/ZrO, are characterized by two resolved H; consumption peaks between 500-600°C
and above 800°C. The intensity of the first peak does not depend on the cobalt loading, while
the position is shifted to lower temperatures in comparison with bare ZrO,. Therefore, this
peak should be assigned to the reaction of hydrogen with surface lattice oxygen of zirconia.
As the intensity of the H, consumption peak above 800°C increases with cobalt loading, this
process can be attributed to the reduction of CoOy species in the zirconia matrix[35]. For
3Co/ZrO,, two obvious H, consumption peaks were observed at 331 and 526°C. The former
peak belongs to the reduction of Co’" to Co?" in Co304, while the latter peak should assigned
to the removal of lattice oxygen from ZrO, and to the reduction of Co?" to Co°[36]. Based on
the above discussion, we can conclude that the peaks of H, consumption at 557 and 507°C in
the H,-TPR profiles of 0.3Co0/ZrO, and 1Co/ZrO,, respectively, should be attributed to the
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reaction of hydrogen with lattice oxygen of zirconia. Since this reduction process occurs at
lower temperatures in the Co/ZrO, samples than in bare ZrO,, the cobalt promoter enhances
the releasability of lattice oxygen from ZrO,.

X-ray photoelectron spectroscopy is a powerful technique to characterize the chemical
electronic states of elements on the surface of catalysts. Thus, it has been applied to check if
there is any interplay between Co and ZrO,. The XP spectra of Zr 3d of selected catalysts are
shown in Figure 1(d). The binding energies at 182.1 and 184.5 eV in the spectrum of bare
ZrO, can be assigned to the Zr 3ds,, and Zr 3d;,, respectively, and were related to Zr*" sites.
Noticeably, the Zr 3d binding energies of Co/ZrO, samples are shifted to lower values with
increasing Co loading (Figure 1(d)), while the binding energy of Co 2p;, increases (Figure
S3). Such changes suggest that the electronic density of Zr*" increases in the presence of
cobalt. This can be explained by a formal electron transfer from Co?* to Zr*", resulting in an
electron enrichment around the latter.

High-resolution transmission electron microscopy (HRTEM) was used to derive
insight into the distribution of Co species in the 1Co/ZrO, catalyst. No obvious CoOy particles
and clusters could be identified on the surface of this catalyst (Figure 2a). EDS mapping was
also used and suggests that Co is distributed uniformly (Figure 2 b-e). This conclusion is also
consistent with the XRD and UV-vis results.

Figure 2. (a) HRTEM image and (b-¢) energy-dispersive X-ray (EDX) mapping of 1Co/ZrO,.

Figure 3(a) shows the X-ray absorption near-edge structure (XANES) spectra of the
1Co0/ZrO, catalyst together with some reference materials. The pre-edge peak at 7709.5 eV
indicates that cobalt in the catalyst is present in the form of Co?'[15, 16]. The Fourier
transform (FT) k’-weighted extended X-ray absorption fine structure (EXAFS) spectrum of
1Co/ZrO, differs from that of Co foil, CoO and Co;0, (Figure 3 (b)). Thus, the catalyst
possesses a uniquely structured CoOy species. The signal at ~1.5 A in the EXAFS spectrum of
1Co/Zr0, is typical for the first shell Co-O scattering. In addition, a small signal at 2.5 A is
also observed in this spectrum. This is probably due to second shell scattering that
corresponds to Zr*' neighbors. On this basis, we suppose the formation of isolated Co*"
cations on the ZrO, surface.
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Figure 3. Co K-edge (a) XANES and (b) EXAFS spectra of the 1Co/ZrO, sample, Co foil, CoO and
Co50, oxides.

According to the fit of EXAFS spectra (Table S2, Figure S4), a single atom model of
Co%" in 1Co0/ZrO, is more suitable than a CoOy-cluster model. There are two Co-O bonds with
the length of 1.92 and 2.12 A and two additional Co-O-Zr bonds with the length of 2.65 and
3.2 A. A previous study [35] concluded that CoO, single atoms incorporated into the lattice of
ZrO, have Co-O (1.88 A) and Co-O-Zr bonds (2.71 A). The short Co-O-Zr bond was
explained by the fact that when Co?" replaces one Zr*" cation in the lattice of ZrO, its position
is shifted in comparison with the regular Zr** position. The Co-O (1.92 A) and Co-O-Zr (2.65
A) bond lengths determined in the present study are very similar to those in Ref.[35]. Thus,
both the latter and our present data suggest that single Co®* species are incorporated into the
lattice of ZrO,. The longer Co-O bond with the length of 2.09 A might be attributed to
additional bonds of Co with surface -OH hydroxy species or adsorbed H,O[37].

3.2 Catalyst activity and kind of active sites

The rate of propene formation over bare ZrO, and differently loaded xCo/ZrO,
catalysts is shown in Figure 4a. The activity significantly increased after promoting of ZrO,
with cobalt and reached its maximum value of 1.2 mmol-g!'min! at a Co loading of 1 wt%.
Noticeably, this activity was even superior to that of a commercial analogue of K-CrO,/Al,Os.
When the Co loading was increased to 3 wt%, the activity sightly decreased probably due to
the formation of large crystallites of Co;04 as evidenced by XRD and UV-vis spectroscopy
(Figure 1a). Crystalline Co;0y4 is active for cracking and coke formation but inactive for the
PDH reaction[23].
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Figure 4. (a) The rate of propene formation over bare ZrO, and xCo/ZrO, with different cobalt
contents. The grey dashed line in (a) stands for the activity of a commercial-like K-CrO,/ALOs. (b)
The effect of Co loading on Co-related TOF value. Co/ZrO,(e), Co/SiO,(0). Reaction conditions:
T=550°C, catalyst amount=25mg, WHSV(C;Hg)=37.7 h'!, C;Hg:N,=2:3. (¢) Arrhenius plots for
propene formation over 1Co/ZrO, and bare ZrO, as well as the therefrom calculated apparent
activation energy.

To check if Co?* sites are the only active species in the Co/ZrO, catalysts, an apparent
Co-related turn-over frequency (TOF) of propene formation was calculated (Figure 4b). The
TOF value decreases from 0.19 to 0.02 s*! with an increase in Co loading from 0.1 to 3 wt%.
Therefore, we can exclude Co?" as the only active species. Importantly, the TOF values of
Co/Si0, catalysts do not depend on Co loading, indicating that CoOy is the only active species
of these catalysts. The effect of the kind of support on the dependence of Co-related TOF on
cobalt loading suggests that ZrO, must be involved in the PDH reaction over the Co/ZrO,
catalysts due to the presence of coordinatively unsaturated zirconium cations (Zr.,s). Such
sites are formed in situ under PDH conditions via removal of surface lattice oxygen of ZrO,.
Our H,-TPR tests have shown that this process is facilitated in the presence of cobalt in ZrO,
(Figure Ic).

Although Zr sites are directly involved in the PDH reaction over ZrO, and Co/ZrO,,
they differ in their intrinsic activity as we could conclude from our kinetic measurements at
different reaction temperatures. The therefrom determined apparent activation energy (E,)
values of propene formation over 1Co/ZrO, and bare ZrO, are 158 +5 kJ-mol'! versus 204+9

kJ-mol!, respectively (Figure 4c). Thus, the presence of Co?" in the lattice of ZrO, should
affect the activity of Zr., to dehydrogenate propane. This statement is indirectly supported by
the following result. The rate of propene formation over 1Co/ZrO; is higher than the sum of
the rates determined separately over bare ZrO, (Zr. is the only active site) and 1Co/Si0,
(CoOy is the only active species) as shown in Figure S5. As CoO, was excluded (see previous
paragraph) as the active species of the Co/ZrO, catalysts, the promotor should affect the
intrinsic activity of Zr.,. If it did not impact this catalyst property, there would be no
difference in the Ea values of propene formation over ZrO, and 1Co/ZrO,. The promoter can
also influence the concentration of such sites. Therefore, the synergistic effect between CoOy
and ZrO, can be explained by improving the reducibility of ZrO, (Figure 1c) and the intrinsic
activity of Zr sites (Figure 4c).
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3.3 Rate-determining step

To gain a deeper insight into the positive role of cobalt promoter on PDH activity of
Zr.s, propane temperature-programmed surface reaction (C;Hg-TPSR) experiments were
carried out using 1Co/ZrO, and bare ZrO,. The temperature, at which the intensity of the
C;Hg signal begins to decrease, is defined as the C—H activation temperature. It is around 449°C
for 1Co/ZrO, (Figure S6(a)). The corresponding value for ZrO, is 490°C. Thus, propane
activation occurs more readily on 1Co/ZrO,. It is also important to highlight that the
temperature, at which propene appears in the gas phase, was lower than the temperature, at
which gas-phase H, was detected (Figure S6(b-¢)). This implies that H, formation should be
the rate-limiting step in the PDH process.

Further insights into the rates of formation of C;H¢ and H, were derived from pulse
experiments with a C3Hg:Ar = 1:1mixture in the temporal analysis of products reactor at 550
and 600°C. In these experiments, CsHg and H, were formed over 1Co/ZrO, and ZrO, at both
temperatures, whereas 1Co/Si0, formed these products only at 600°C. The transient
responses recorded at 600°C are shown in Figure S7. The responses of C;Hg and H, are
broader than that of C;Hg indicating that these substances are products of Cs;Hg
dehydrogenation. Moreover, the transient response of hydrogen is significantly broader than
that of propene for all catalysts, indicating that in agreement with the results of C;Hg-TPSR,
the dehydrogenation of propane is limited by H, formation. Despite a similar arrangement, the
responses differ in their broadness and the position of the maximal concentration, i.e., the
rates of CsHg and H, formation depend on the catalyst. To quantify this difference, we plot the
difference between the t,,«(H, or C3Hg) and ty.(Ar) values (tma(Hy or C3Hg) - tmax(Ar)) vs.
the catalyst (Figure 5). Subtracting t.,,x(Ar) should reduce the contribution of the different
densities of the reactor charges to the position of the response maxima since a higher density
slows down the diffusion through the reactor.
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Figure 5. (2) tnu(Hz) - tmax(Ar) and (b) tn.(CsHg) - tmax(Ar) values obtained upon pulsing C;Hg:Ar =
1:1 mixture at 550 (white bars) and 600°C (grey bars) vs. catalyst.

As expected from the temperature dependance of the reaction rate, the t,,,x values of
both products of propane dehydrogenation drop upon temperature increase to 600°C. The t;.x
values for CsHg are lower than those for Hy, highlighting the faster formation of the olefine in

12



comparison with the formation of H,. Thus, the latter process and not the cleavage of CH
bonds in propane limits the rate of propene formation. Independently from the reaction
temperature, 1Co/ZrO, possesses lower t,,, values of C;Hg and H; than those of bare ZrO,,
whereas 1Co/Si0, is characterized by the highest t;,,, values. Therefore, considering the low
rate of C;Hg dehydrogenation over CoOy in 1Co0/Si10,, its deposition over ZrO, results in a
synergistic between these components, which is responsible for accelerating the rates of C3Hg
and H, formation.

3.4 Durability tests

The practical relevance of the most promising 1Co/ZrO, catalyst was demonstrated in
a series of 10 PDH reaction-regeneration cycles under industrially relevant conditions (Figure
6). The reaction was performed at 550°C and lasted for 50 min using a feed with 40vol%
C;Hg. The regeneration stage implied calcination of spent catalyst in air at 550 for 30 min.
The initial C;Hg conversion was about 24% and the corresponding selectivity to propene was
higher than 80%. The conversion gradually decreased to 7%, while the selectivity did not
strongly change with time on stream. In contrast to previously developed supported
CrO,/LaZrO4[38], the present catalyst could restore its initial conversion completely after the
oxidative catalyst regeneration. There were no obvious changes in the profiles of propane
conversion and propene selectivity during 10 PDH/oxidative regeneration cycles. Thus, no
activity-affecting structural changes occurred under reaction or regeneration conditions.
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Figure 6. Propane conversion and the selectivity to propene over 1Co/ZrO, in 10 PDH/ regeneration
cycles. Reaction conditions: T=550°C, catalyst amount=125mg, WHSV(C;Hg)=3.8 h!, C;Hg:N,=2:3.
Each cycle consisted of a PDH stage lasted for 50 min and a regeneration stage lasted for 30 min.

The catalyst stability against reaction-induced restructuring was independently
confirmed by means of HRTEM analysis and EDS mapping of a spent 1Co/ZrO, sample
(after 10 cycles) (Figure S8). The catalyst deactivation within each PDH cycle is mainly
caused by the deposition of coke which can be easily oxidized.

We also benchmarked the developed catalyst against Co-based catalysts in terms of
space-time yield of propene formation (STY(C3;Hg)). The initial STY(C;Hg) value of 0.71
kg h'-kg.,-! was achieved at 57% equilibrium propane conversion at 550°C. This value is
higher than those reported for most previously developed catalysts tested at the same or
higher temperatures (Figure S9).
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4 Conclusions

Promoting ZrO, with CoOy by a simple impregnation method yields active catalysts
for non-oxidative dehydrogenation of propane to propene. When the promoter forms a solid
solution with ZrO, on the surface, it is stabilized as Co?" in the lattice of the host oxide
resulting in the formation of coordinatively unsaturated Zr** sites (Zr.,). The activity of the
latter in the PDH reaction increases strongly in the presence of Co?" and is significantly
higher than the sum of activities of Co?" sites on SiO, and Zr, in unpromoted ZrO,. The
presence of Co3;0O4 must be avoided to achieve high activity. The synergistic effect between
Co?" and Zrg, is related to enhancing the rates of CH bonds cleavage in propane and
recombination of surface hydrogen species formed from propane. The latter process is the
rate-limiting step in the course of the PDH reaction. The derived knowledge related to the
synergistic effect provides the basis for rational design of PDH metal-oxide-based catalysts
with industrially relevant performance.
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