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Abstract: Non-oxidative propane dehydrogenation (PDH) is becoming an increasingly important
approach to propylene production, while cobalt-containing catalysts have recently demonstrated
great potential for use in this reaction, providing efficiencies comparable to those of industrially
employed Pt- and Cr-based catalytic systems. It is therefore essential to clarify the nature of their
active sites, especially since contradictory opinions on this issue are expressed in the literature.
In this study, efforts were made to determine the state of Co in cobalt aluminates (CoAl;O4-Al,O3)
responsible for PDH under typical operating conditions (600 °C, 1 atm). It is shown that the catalyst
with a low cobalt content (Co/Al = 0.1) ensured the highest selectivity to propylene, ca. 95%, while
maintaining significant propylene conversion. The structural motifs such as cobalt oxide and metallic
cobalt nanoparticles, in addition to tetrahedral Co?* species in the CoAl,Oy spinel system, were
evaluated as potential active-site ensembles based on the obtained catalytic performance data in
combination with the XRD, Hp-TPR, TEM and XPS characteristics of as-synthesized, spent and
spent-regenerated catalysts. It is revealed that the most likely catalytic sites linked to PDH are the
Co-oxide forms tightly covering alumina or embedded in the spinel structure. However, additional
in situ tuning is certainly needed, probably through the formation of surface oxygen vacancies rather
than through a deeper reduction in Co® as previously thought.

Keywords: propylene; propane dehydrogenation; cobalt catalysts; heterogeneous catalysis;
reaction mechanism

1. Introduction

Propylene, one of the basic organic chemicals, is largely produced by non-selective and
energy-intensive naphtha steam cracking and fluid catalytic processes [1]. However, given the
increased availability of propane as a feedstock, non-oxidative propane dehydrogenation (PDH) is
now growing in importance as the most targeted and atom-efficient propylene production route
[1-10]. Nonetheless, it is noteworthy that Pt- and CrOy-based catalysts commonly used in commer-
cial PDH technologies have significant drawbacks, such as the high cost and difficult reactivation
of the platinum catalyst and the negative environmental impact of chromium pollution [11].

Quite naturally, there is great interest in developing competitive PDH catalysts that do
not contain precious metals and chromium. The most promising of them encompass a variety
of transition metal oxides, namely CoOyx, VO, GaOyx, MoOx, FeOx, WOy, InOy, ZnO, ZrO, and
TiO,, deposited on silica, alumina, zeolites and other oxide carriers
[2-10,12,13]. The cobalt-containing catalysts should be especially highlighted because of
their significant activity, relative affordability and moderate toxicity. In addition, carbon-
based materials enriched with cobalt have also shown considerable potential in PDH [14—
20]. However, remarkably, it is still not clear what structural motif in the cobalt cata-
lysts promotes the PDH reaction. According to major conflicting opinions, Co*? oxide
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forms, rather than metallic cobalt (Co?), and vice versa, may actually be the active sites
[21-43]. As a compromise, some authors attribute catalytic activity to both oxidation states,
Co*? and Co" [33,35], or conclude that “the true active cobalt species for propane production
are from tetrahedral Co*? ions during the reaction” [21]. Additionally, apart from these possi-
bilities, less attention has been drawn to the fact that low-valent first-row transition metal ions,
including Co*! in particular, can cause quite facile dehydrogenation of light alkanes [44—47].
Importantly, the oxidative addition/reductive elimination mechanism proposed for such
reactions is independently well documented for a wide range of C-H bond functionalizations
involving Co*! organometallic compounds [48]. And lastly, atomically dispersed cobalt-
nitrogen complexes deposited on carbon have also been suggested as possible catalytically
active sites in the case of PDH over Co-N-C composites [14-20].

Given the strong interest in the activity of cobalt oxides in PDH, and cobalt-aluminum
oxides in particular [21-23,26,28,29,33,34,41,43], we describe here a study on the behavior
of CoAl;O4-Al; O3 catalysts in this reaction with the aim of elucidating the contributions of
a variety of potential catalytic sites to catalytic performance.

2. Results
2.1. Catalyst Characterization

A number of textural characteristics of the CoAl,04-Al;O5 catalysts, designated as
CoAIl-X (where X is the estimated molar ratio of Co/Al), are summarized in Table 1.
The BET surface area was the highest for as-prepared CoAl-0.1 (291 m? g~ 1), which is
comparable to that of CoAl-0.05 (274 m? g~!), despite the varying cobalt content, namely
6.7 and 4.3%, respectively. In addition, the total pore volume gradually increased as the
cobalt content decreased. However, the BET surface areas and likewise the pore volumes of
the spent-regenerated samples CoAl-0.25-R and CoAl-0.1-R were reduced markedly.

Table 1. Textural properties of the catalysts.

1 )2 SET Pore Size Viotal
Catalyst Co/Al Co (wt%) (m?g1) (am) (cm® g1)
1 CoAl-0.5 1:2 28.8 152 129 0.49
2 CoAl-0.25 1:4 17.0 219 16.5 0.90
3 CoAl-0.25-R 3 14 13.2 137 21.7 0.74
4 CoAl-0.1 1:10 6.7 291 14.8 1.07
5 CoAl-0.1-R 3 1:10 6.9 191 19.0 0.91
6 CoAl-0.05 1:20 43 274 16.3 112
7 Co/AlL O3 - 3.8 177 6.0 0.26
8 Al,O3 - - 166 7.3 0.30

—

The molar ratio of Co(NO3), and AI(NOj)3 taken for the catalyst preparation. 2 Determined by ICP.
3 The spent-regenerated (re-oxidized) catalyst.

The XRD patterns of as-synthesized and spent-regenerated catalysts allowed us to estimate
the relative contributions of cobalt oxide and aluminum oxide crystalline phases (Figure 1).
Table S1 summarizes the results of refining the structure of these samples. As expected, the
peaks of Co304 form for CoAl-0.5, CoAl-0.25 and spent-regenerated CoAl-0.25-R catalysts
were much stronger than for other catalysts. It is noteworthy that the crystallinity level of
Co30; in the CoAl-0.25-R sample increased, whereas in the case of the CoAl-0.1-R catalyst the
opposite occurred (Table S1). In general, the XRD data show that only CoAl-0.05, CoAl-0.1 and
CoAl-0.1-R samples demonstrated the clear domination of a mixed Co—Al oxide crystalline
form, which can be related to a separate CoAl,O, spinel structure.
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Figure 1. Powder XRD patterns of as-synthesized and spent-regenerated catalysts.

Figure 2 shows the Hy-TPR profiles of the catalysts, revealing that only CoAl-0.5, CoAl-
0.25 and Co/Al,O3 exhibited a substantial H, uptake. For these catalysts, the reduction
temperature of the first peak attributed to the reduction of Co304 to CoO was about
500 °C, which is notably higher than that of bulk Co30O4 (200400 °C [37,38]) due to the
strong interaction of Co3O4 with Al,O3, which prevents the catalyst reduction. The second
reduction peak is located between 550 and 750 °C. Overall, the two-step reduction process
corresponds to sequential CoOx reduction into CoO and then into Co states of cobalt.
The increased reduction temperature indicates that CoOy is tightly bound to the Al,O3
surface or forms a mixed oxide with it [37,38]. The weak hydrogen uptake for other catalysts
(at least up to 600 °C and even higher) shows that their reduction is notably hindered, and
the cobalt oxide phase remains largely resistant to reduction to a metal state.
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Figure 2. H-TPR profiles of (1) CoAl-0.5, (2) CoAl-0.25, (3) CoAl-0.25-R, (4) CoAl-0.1, (5) CoAl-0.1-R,

(6) CoAl-0.05 and (7) Co/Al,Oj3 catalysts.
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According to TEM data (Figure 3), the CoAl-0.1 sample consists mainly of a separate phase of
cobalt aluminate CoAl,Oy (Figure 3b). In addition, the catalyst contains Al,O3 crystals, which are
uniformly covered by CoOy particles with a size of about 1-2 nm (Figure 3c). Notably, in Figure 3c
the white particles are attributed to cobalt based on the relative mass (atomic number) of scattering
Co and Al atoms, which affect the HAADF signal differently. In contrast, CoAl-0.25 contains, in
addition to the above-mentioned species, well-distinguishable particles with an average grain size
of 10-20 nm that can be assigned to both CoAl,O4 and Co30y, taking into account their close
lattice parameters (Figure 4).

(b)

(e) T €3]

Figure 3. (a,b) TEM, (c,d) HAADF-STEM and (e,f) related EDX-STEM Co and Al elemental mapping
images of as-synthesized CoAl-0.1 catalyst.

(b) (©

Figure 4. Low- (a) and higher- (b) magnification TEM and (¢) HAADF-STEM images of as-synthesized
CoAl-0.25 catalyst, representing a variety of phases, such as crystalline alumina, cobalt aluminate
and cobalt oxides (including small particles on alumina).

To further characterize the nature of cobalt in the catalysts, the XPS spectra were
obtained (Figure 5 and Table S2). In the high-resolution Co 2p spectra, the peaks centered at
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781.3-781.8 (Co 2p3/,) and ~795 eV (Co 2p1 /) are related to Co?* (Figure 5). An associated
Co?* satellite peak (shake-up peak) centered at ~787.0 eV is also present, confirming the
predominant state of cobalt as tetrahedral Co?* ions. As expected, the Al 2p and O 1s
spectra of the catalysts are very similar, confirming the lack of differentiation in the electron
state of aluminum and oxygen among the catalysts.

CoZpI 781.8 \781.3

Co°* satellite / ||

::i\/\/\/v
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Figure 5. High-resolution Co 2p XPS spectra of (1) CoAl-0.5, (2) CoAl-0.25, (3) CoAl-0.25-R,
(4) CoAl-0.1, (5) CoAl-0.1-R, (6) CoAl-0.05 and (7) Co/Al,Oj catalysts.

2.2. Gas-Phase Catalytic Reactions of Propane in a Flow Reactor

The activity of CoAl catalysts in PDH was estimated at 600 °C using a 10% propane/N,
mixture. Unlike other samples, CoAl-0.5 proved unsuitable to catalyze PDH, as it was prone to
rapid carbonization, clogging the reactor. This applies to both the fresh and spent-regenerated
catalysts, and can be explained by the presence of the relatively high content of an easily reduced
massive CoOx form, which tends to induce cracking reactions [35,37—40]. In contrast, fresh CoAl-
0.1 and CoAl-0.05 catalysts provided 47 and 36% of propane conversion after a 20 and 30 min
induction period, respectively (Figure 6). Then, there was a gradual decrease in catalytic activity,
while the selectivity to propylene remained at the initial level of ca. 95%. It is noteworthy that
despite the two-and-a-half-times-higher Co content in the CoAl-0.25 catalyst (Table 1), its activity
was nevertheless comparable to that of CoAl-0.1 (Figure 6). However, the induction period for
CoAl-0.25 was twice as long, whereas selectivity to propylene was notably lower, reaching 90%
only at 1.5 h. This result illustrates that the readily reducible extra-framework CoOx species still
present in the fresh CoAl-0.25 catalyst impairs the target catalytic performance.

It should be noticed that under the specified reaction conditions, especially dur-
ing the induction period, propane underwent concurrent cracking reactions yielding
mainly methane, along with carbonaceous material (see below), which is typical for high-
temperature PDH [2-10].

The pre-treatment of the fresh CoAl-0.1 catalyst with hydrogen (as described in
Section 4.5) shortened the induction period and led to a slight increase in the maximal
propane conversion (Figure 7). However, regeneration of the spent CoAl-0.1 catalyst by
high-temperature treatment with oxygen (Section 4.5) reduced its activity by about 20%
compared to the fresh catalyst (Figure 7a). On the other hand, the selectivity to propylene
increased to 96% (Figure 7b). The same is true of the spent-regenerated CoAl-0.25-R cata-
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lyst, which provided notably higher selectivity to propylene, a shorter induction period,
and well-reproducible catalytic activity tested in several runs (Figure 8).
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Figure 6. Propane conversion (a) and selectivity to propylene (b) as functions of time on stream
over CoAl catalysts at T = 600 °C and P = 1 atm. Gas mixture: 10 vol.% propane, Ny balance;
GHSV = 7500 mL h™1 g, 1.
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over CoAl-0.1, CoAl-0.1-R (spent-regenerated) and CoAl-0.1-H (pre-treated with Hj) catalysts at
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carbon
nanotubes.

Furthermore, the catalytic properties of the “reference” Co/Al,O3 sample turned out
to be comparable with that of CoAl-0.05 (Figure S1). This is not surprising, taking into
account the close content of cobalt (Table 1), while the other characteristics of these catalysts
are somewhat different. The selectivity to propylene over Co/Al,O3 was even the highest
among the tested catalysts, reaching 97% and 98% for fresh and spent-regenerated samples,
respectively (Figure 52). However, the relative drop in maximal propane conversion (from
36 to 25%) after the catalyst regeneration was the most significant (Figure S2).

2.3. Structural Changes in Catalysts during PDH and Subsequent Regeneration

According to the literature, the deactivation of cobalt-containing catalysts during PDH
is commonly due to the deposition of coke and the restructuring of cobalt species under
high-temperature reducing conditions [19,20,28,29]. Indeed, the microscopic images of
the spent CoAl-0.1 catalyst show considerable growth of carbon nanotubes (Figure 9a,b).
However, encapsulation of Co-Al oxides in carbon did not occur (cf. [19,20]), which means
that carbonization by itself is not a cause of deactivation. More important is the fact of
partial reduction of cobalt to the metallic state with the formation of Co nanoparticles of
relatively large sizes about 10 nm (Figure 9b,d,e), although small particles of Co on alumina
did not undergo substantial aggregation (Figure 9c).

10inm

(b)

(e) ()

Figure 9. (a,b) TEM, (c,d) HAADF-STEM and (e,f) related EDX-STEM Co and Al elemental mapping
images of the spent CoAl-0.1 catalyst (after 3 h of operation at T = 600 °C and P = 1 atm for the gas
mixture of 10 vol% propane, N, balance, GHSV = 7500 mL h™1 gt ™).

Regeneration of the CoAl-0.1 spent catalyst by high-temperature treatment with molec-
ular oxygen results in the redispersion of aggregated cobalt nanoparticles, providing a
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catalyst quite similar in appearance to the original (Figure 10). The CoAl-0.25 catalyst
also restores its structure after the use in PDH and subsequent heat treatment in oxy-
gen, although more significant differentiation in CoAl-0.25-R morphology has occurred.
Thus, separate phases of alumina (weakly enriched with cobalt), cobalt aluminate and rather
large particles of Co30; can be observed via TEM (Figures S3 and S4).
Remarkably, according to H-TPR data, the CoOy species in CoAl-0.25-R are not so readily
reducible with hydrogen, as was found for CoOy in the fresh CoAl-0.25 catalyst (Figure 2).

100 nm

(e) ()

Figure 10. (a,b) TEM, (c,d) HAADF-STEM and (e,f) related EDX-STEM Co and Al elemental mapping
images of the spent-regenerated CoAl-0.1-R catalyst.

3. Discussion

The CoAl-0.1 sample, which demonstrated the best catalytic performance in PDH,
comprises three structural elements: Al,O3, small CoOx particles (in the size range of
1-2 nm) on its surface and adjacent areas of crystalline cobalt aluminate (CoAl,Oy).
The CoAl-0.25 catalyst, exhibiting comparable catalytic activity, contains, in addition,
Co304 particles of about 10 nm size and the CozO4 phase of a comparatively low crys-
tallinity (XRD data, Figure 1). The latter phase was easily reduced and could be responsible
for the lower selectivity to propylene and longer induction period compared to the CoAl-0.1
catalyst. Indeed, CoAl-0.25-R, showing better selectivity to propylene and a shortened
induction period (Figure 8), differed from CoAl-0.25 through its increased Co3Oy parti-
cle size (up to 100 nm, Figure 54) and their increased crystallinity (Figure 1, Table S1).
Additionally, CoAl-0.25-R became practically non-reducible with hydrogen until reaching
700 °C (Figure 2). Furthermore, the high-temperature treatment with oxygen of both of the
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spent CoAl-0.1 and CoAl-0.25 catalysts resulted in a marked decrease in specific surface
area (Table 1), which may be one of the reasons for the partial loss of their activity.

It is obvious that the target activity of CoAl catalysts in PDH may be associated with the
small CoOy particles on alumina, as well as with comparatively large and slowly reducible
CoAl,O4 and Co30; crystalline phases, which can undergo a common evolutionary chain
during PDH or pre-reduction with hydrogen: Co*?/*3 — framework Co*? — isolated Co"
— small-size (Co’-Co?),, cluster — large cobalt particle (cf. [35-39]). Among these forms,
as mentioned in Section 1, Co*? oxides and/or small Co” species are widely suggested to
be the active catalytic sites [21-43].

It is noteworthy that the basic rationale for the key contribution of tetrahedral Co*?
ions is their exclusive observation by physical-chemical techniques with no detection of
Co? under PDH conditions [21-36]. The proposed reaction mechanism suggests a non-
redox pathway involving the heterolytic C-H bond cleavage over four-coordinated Co*?
incorporated in the framework of oxide support [25,36]. In contrast, extra-framework
Co304 weakly bonded to the support (if present) can easily be reduced to comparatively
large metallic cobalt particles [35,37-40], leading to propane cracking until these zones are
strongly carbonized [19-22,33].

However, equally convincing is the evidence that well-dispersed Co? species generated
in situ by partial reduction of Co*? ions are the alternative active catalytic sites [33,35,40-42].
The main argument here is based on the apparent relationship between the appearance of
cobalt nanoparticles and the increase in catalytic activity. Furthermore, Kondratenko et al.
have shown recently that propylene formation depends linearly on Co” accumulation in
Co/silicalite-1 catalysts [43]. Though perhaps, the catalytic activity could simply correlate
with the steady reduction of Co*? to Co” due to a related but different process.

With regard to the CoAl catalytic system, it should be noted that the most effective
PDH catalysts, such as CoAl-0.05, CoAl-0.1, CoAl-0.1-R and CoAl-0.25-R, are actually most
resistant to reduction (metallization) by hydrogen (Figure 2). Moreover, a slow reduction
of CoOy to metallic cobalt followed by its aggregation to cobalt nanoparticles (Figure 9b)
is accompanied by the catalyst’s progressive deactivation, which may be related. On the
other hand, the key catalytic activity of four-coordinated Co*? ions only (whether they
are part of CoOy particles on aluminum or are included in CoAl,O,4 and Co304 crystals)
cannot explain the results of numerous case studies where a definite relationship between
of the catalytic activity and Co® accumulation was found. Nevertheless, this apparent
contradiction can be resolved by examining the missing link between the cobalt states Co*?
and Co? under the PDH reaction.

Indeed, a close literary analogy of the process of nickel(II) oxide reduction by hydro-
gen reveals that NiO(100) crystals exhibiting negligible reactivity to H, become active in
splitting H-H bonds when surface defects, namely O vacancies (OVs), are created [49-51].
Remarkably, a correlation was found between the concentration of OVs and the rate of
NiO reduction to Ni’ [49]. It seems reasonable that a similar process of OV generation
occurs on the surface of tetrahedral Co*? oxide forms in the course of PDH. The lattice
oxygen consumption leading to the formation of OVs under conditions of thermal gaseous
reduction is quite typical for transition metal oxides, including CoOx [52-55]. Moreover, the
importance of OVs for efficient C—H bond activation in PDH has already been proven for
a number of metal oxides, such as CeO, [56] and TiO, [57,58], and even for “non-reducible”
oxides, such as ZrO, [59] and Al,O3 [60]. Likewise, the catalytic activity of WO3 in PDH,
provided by pre-treatment with hydrogen, may have an analogous origin [61].

The involvement of OVs could explain the induction period normally required for
PDH catalyzed by cobalt oxides, the positive effect of pre-reduction with hydrogen (see,
for example, Figure 7) and the observed correlation of catalytic activity with Co? accumu-
lation, while an overly extensive reduction of Co™? to Co® causes catalyst deactivation.
Also notably, Co atoms surrounding OVs and carrying uncompensated positive charge
can actually simulate Co*! species able to catalyze PDH through the oxidative addi-
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tion/reductive elimination pathway (Scheme 1), thus linking together the Co*?, Co*!
and CoY forms, considered earlier as alternatives in the literature.

o o partial o N further
~ 2 _O. reduction ~H reduction
o u—foly SHE {ojrml Co u—fol TR cof
O "0 > >
M = Co, Si, Al etc. C3Hg C3Hg + H;

=/
+3/_/ o

O\~ ~. +3/H
o E ol — —oirme SN w—tor

Scheme 1. Probable mechanism of PDH involving OVs generated on the surface of tetrahedral Co*?
oxide forms.

Summarizing the above considerations, nanocrystalline CoAl,O4 and CozOy, as well
as fine CoOy particles on alumina (all present in CoAl active catalysts) may exhibit the
same catalytic properties due to similar evolution under PDH conditions, namely par-
tial reduction to metallic cobalt (ultimately) through the intermediacy of surface OVs.
The small content of cobalt in CoAl catalysts ensures their strong interaction with alumina
and embedding in the spinel structure, which generally prevents deep reduction of CoOx
to Co” under PDH conditions and provides the catalyst’s relative stability. Based on these
assumptions, progress in the design of cobalt-containing catalysts and similar transition metal
oxide catalytic systems will require their optimal ability to generate surface Ovs, along with
their resistance to subsequent reduction and metallization to be taken into account.

4. Materials and Methods
4.1. Materials

Cobalt(Il) nitrate hexahydrate (Co(NO3),-6HO, >98%, Fisher Scientific UK, Loughborough,
UK) and aluminum nitrate nonahydrate (Al(NO3)3-9H,O, >98%, Sigma-Aldrich, Merck Life
Science LLC, Moscow, Russia) were used as received from the chemical suppliers.

4.2. Catalyst Preparation

The cobalt aluminate spinels (CoAl,O4-Al,O3) were obtained by mixing 2 M Co(NO3),
and 2 M Al(NOz); aqueous solutions followed by co-precipitating with a 12.5% NH,OH
at constant pH 7.5 and temperature of 70 °C. The resulting precipitates were filtered and
washed with distilled water until the ammonia was removed. The obtained materials were
dried to an air-dry state at room temperature, then at 110 °C for 12 h, and calcined in air
at 650 °C for 4 h in a muffle furnace. Accordingly, based on the molar ratio of cobalt and
aluminum salts taken, the catalyst samples, denoted as CoAl-0.5, CoAl-0.25, CoAl-0.1 and
CoAl-0.05, were prepared in the amount of 50 g each (Table 1).

The Co/Al,O3 catalyst was prepared via the incipient wetness impregnation of -
Al,O3 with a cobalt(II) nitrate solution followed by drying at 110 °C for 12 h and thermal
treatment in air at 650 °C for 4 h.

4.3. Catalyst Characterization Techniques

The X-ray diffraction (XRD) data were obtained on the diffractometer ARL X’tra
(Thermo Fisher Scientific, Waltham, MA, USA) using monochromatic CuK« radiation
(A=15418 A)in a range of 26 = 15—80° with a step of 0.02° (1°/min) using linear detector
Mythen2R 1D (Dectris, Baden-Daettwil, Switzerland) with an angle of 7.0°. Refinement of
the lattice parameters and determination of average crystallite sizes and weight ratios of
Co304/Al,O3 were carried out by the Rietveld method applied for a range of 26 = 63—70°
using the TOPAS 4.2 program and structural data from the ICSD database (Table S1).

Temperature-programmed reduction (H,-TPR) was performed in a flow system with
a thermal conductivity detector. The samples (0.05 g, 0.25-0.5 mm fraction) were heated at
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rates of 10 °C min~! to 900 °C; the flow rate of the reducing mixture (10% Hj in argon) was
40 cm3 min—1.

The porous structure parameters were determined from N; adsorption isotherms at
77 K on an ASAP-2400 (Micromeritics, Norcross, GA, USA) analyzer after degassing the
samples at 150 °C to a residual pressure of 30 mTorr (4 Pa).

The content of Co element in the samples was measured with an Optima 4300 DV in-
ductively coupled plasma optical emission spectrometer (ICP-OES) (PerkinElmer, Wellesley,
MA, USA).

High-resolution transmission electron microscopy (HRTEM) and scanning transmis-
sion electron microscopy (STEM) were conducted with a Themis Z (Thermo Fisher Scien-
tific, Waltham, MA, USA) instrument with an accelerating voltage of 200 kV and lattice
resolution of 0.07 nm. The TEM images were recorded with a Ceta 16 (Thermo Fisher
Scientific, USA) CCD matrix. Elemental analysis was performed with a Super-X EDS
detector (Thermo Fisher Scientific, USA). High-angle annular dark-field (HAADF) STEM
images were recorded using a standard ThemisZ detector.

X-ray photoelectron spectra (XPS) were recorded on a SPECS (Berlin, Germany) pho-
toelectron spectrometer using a hemispherical PHOIBOS-150-MCD-9 analyzer (Al Ka
radiation, hv = 1486.6 eV, 150 W). The binding energy (BE) scale was pre-calibrated using
the positions of the peaks of Au 4f;,; (BE = 84.0 eV) and Cu 2p3,, (BE = 932.67 eV) core
levels. The BE values were corrected by reference to the C 1s internal standard (284.5 eV).

4.4. Catalytic Performance Tests

The PDH reactions were carried out at atmospheric pressure in a 7.5 mm quartz tube
reactor loaded with a catalyst (0.2 g, 0.25-0.5 mm fraction), mixed with 1 mL quartz particles
(d = 0.45 to 1 mm). The gas mixture (10 vol% propane balanced with nitrogen) was fed to
the reactor at a gas hourly space velocity (GHSV) of 7500 mL h~! g.,;~! (propane weight
hourly space velocity of 1.4 h™!). The reaction temperature, 600 °C, was controlled inside
the reactor with an accuracy of £0.5 °C. The reaction products were analyzed by an online
gas chromatograph (Chromos GC-1000, Chromos Engineering, Dzerzhinsk, Russia) with a
flame ionization detector, using a quartz capillary column of an inner diameter of 0.32 mm
and a length of 7 m. The column was prepared by the static high-pressure method, yielding
a monolithic layer of porous SiO, formed in the process of sol-gel synthesis directly inside
the capillary [62]. Prior to the measurements, the catalysts were heated at 600 °C in a flow
of N for 1 h. The blank experiment (the Al,O3/ quartz particles only) showed propane
conversion of ~1.2% and selectivity to propylene of about 70%.

The propane conversion (X) and propylene selectivity (S) were calculated according to
the carbon atom balance method:

0
CC3H8 - CCBHS

XC3H3 = X 1000/0;

0
CCaHs

CC3H6

SC3H6 = X 100%;

0
CC3H8 - CC3H8
where Cc,y, and Cc,y, are the mole flow rates of propane and propylene, respectively.
In view of the reaction-induced changes in the gas flow due to the conversion of one
molecule of propane into two molecules (propylene and hydrogen) during the reaction, the
values of Cc,p, and Cc,p, were normalized by carbon balance accordingly.

4.5. Catalyst Pre-Reduction with Hy and Regeneration Procedures

The treatment of CoAl catalysts with hydrogen was carried out in the reactor at 600 °C
in the Hy flow (15 mL min~1) for 1.5 h and then in the N flow (30 mL min~!) for 1 h.

After catalytic testing in PDH, the spent CoAl catalysts were treated in the reactor at 600 °C
in the O, flow (15 mL min~!) for 1.5 h and then in the N flow (30 mL min~!) for 1 h.
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5. Conclusions

It was shown that cobalt aluminate containing 4-7 wt.% Co, and as a consequence,
consisting mainly of alumina (with inclusions of small CoOy particles on the surface) and
CoAlyOy spinel crystallites, can be an effective catalyst for PDH reactions under practical
operating conditions (600 °C, 1 atm). Further increasing the Co content to 17 wt.% resulted
in the formation of an additional Co3O4 phase without increasing the catalyst efficiency
towards PDH.

The catalysts’ loss of activity with time on stream is related to cobalt aggregation in
the form of metallic Co nanoparticles; however, coke deposition, largely in the form of
carbon nanotubes, does not appear to be the critical reason for the catalysts” deactivation.
The high-temperature treatment of spent catalysts with molecular oxygen leads to their
regeneration with a partial decrease in activity, but at the same time is accompanied by the
stabilization of the catalysts” operation.

The structural motifs, such as tetrahedral Co** species located in the CoAl,O4 and
Co304 spinel forms, as well as in the small CoOx particles tightly covering alumina, can
be regarded as the feasible primary active-site ensembles. However, their subsequent
evolution under PDH reaction conditions, consisting of a partial reduction to metallic
cobalt through the intermediacy of surface OVs, may provide further rationale for the
origin of the catalytic activity of cobalt aluminates in PDH.
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Figure S3: Low- and higher-magnification TEM images of the spent-regenerated CoAl-0.25-R cat-
alyst; Figure S4: HAADF-STEM and related EDX-STEM Co and Al elemental mapping images of
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Table S3: The N, adsorption/desorption isotherms and the pore size distribution of the samples.
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